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Abstract: [Objective] Endophytes play an important role in the promotion of plant growth and the
remediation of heavy metal-contaminated soil. In this study, we isolated the endophytic bacteria from
cadmium-contaminated rice seeds and analyzed their cadmium tolerance, plant growth-promoting traits,
and effects on rice seed germination and seedling growth under cadmium stress. [Methods]| First, we used
ethanol and sodium hypochlorite to sterilize the surface of rice seeds and then isolated the endophytic
bacteria by standard dilution plating method. Second, we amplified and sequenced the 16S rRNA genes of
the strains and identified their taxonomic positions. Third, we analyzed the cadmium tolerance, cadmium
removal rate, and plant growth-promoting traits of the endophytic bacteria via microdilution method,
inductively coupled plasma mass spectrometry (ICP-MS), and spectrophotometry, respectively. Finally,
we infected the rice seeds with bacterial inoculants to observe their effects on seed germination, seedling
growth, and cadmium accumulation. [Results] We isolated a total of 133 endophyte strains belonging to
24 species of 12 genera from two rice cultivars. Eighty-three strains were isolated from
low-Cd-accumulating caltivar 728B, including Pseudomonas (34.94%), Bacillus (28.92%), and
Paenibacillus (10.84%). Fifty strains were isolated from high-Cd-accumulating caltivar BB, including
Pantoea (40%), Curtobacterium (22%), and Microbacterium (12%). The minimum inhibitory
concentrations of cadmium against 24 representative strains were 80-2 560 pumol/L. Bacillus sp. HNR-4
showed the highest cadmium tolerance. The cadmium removal rate of HNR-4 reached 77.57% after the
strain was cultured in the liquid medium containing 5 umol/L Cd*" for 24 h. Most of the 24 strains were
capable of producing plant growth-promoting substances, such as IAA (0.78—40.12 pg/mL), siderophore
(1.46-752.74 mg/L), soluble phosphate (0-3.10 mg/L), and ACC deaminase (0-9.22 U/mg). Under
cadmium stress, HNR-4 inoculant significantly increased the germination rate and seedling shoot length,

while reduced the transfer coefficient of cadmium from root to shoot. [Conclusion] Although the
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composition of seed endophytic bacteria varied in different rice cultivars, these bacteria all showed

different levels of cadmium tolerance and plant growth-promoting activities. Isolation and identification

of Cd-resistant endophytic bacteria may help investigate the interaction between endophytic bacteria and

host plants exposed to heavy metal contamination, and explore the potential of microbial remediation in

farmland.

Keywords: cadmium contamination; rice seed; endophytic bacteria; heavy metal tolerance; plant growth

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



1540

Fu Shaowei et al. | Acta Microbiologica Sinica, 2022, 62(4)
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FWE 0.22 pm BYEERELE, FH ICP-MS (H
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MR R . ZHEERE AT —E 2R
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Table 1 Classification of culturable endophytic bacteria in rice seeds

Cultivars Top-hit taxon No. of isolates Accession No. Similarity/%

728B Pseudomonas oryzihabitans 29 BBIT01000012 99.71
Bacillus megaterium 11 JIMHO01000057 99.93
Paenibacillus turicensis 9 AF378694 99.37
Curtobacterium luteum 7 X77437 99.92
Pantoea dispersa 4 DQ504305 100.00
Xanthomonas sacchari 4 Y10766 99.86
Bacillus altitudinis 3 ASJC01000029 100.00
Bacillus toyonensis 3 CP006863 100.00
Bacillus aryabhattai 2 EF114313 99.93
Bacillus safensis subsp. safensis 2 ASJD01000027 99.79
Bacillus thuringiensis 2 ACNF01000156 99.93
Citrobacter bitternis 2 KJ817168 99.71
Bacillus siamensis 1 AJVF01000043 99.64
Methylobacterium radiotolerans 1 CP001001 99.78
Pantoea agglomerans 1 AJ233423 99.71
Staphylococcus epidermidis 1 UHDFO01000003 100.00
Staphylococcus haemolyticus 1 LILF01000056 100.00

BB Pantoea dispersa 20 DQ504305 100.00
Curtobacterium luteum 11 X77437 99.92
Flavobacterium acidificum 4 JX986959 99.34
Microbacterium hydrothermale 4 HM?222660 99.27
Xanthomonas sacchari 3 Y10766 99.86
Bacillus paramycoides 2 MAOI01000012 99.93
Microbacterium testaceum 2 BIML01000022 99.93
Paenibacillus cineris 1 AJ575658 99.86
Bacillus zanthoxyli 1 KX865140 99.86
Brachybacterium paraconglomeratum 1 AJ415377 100.00
Methylobacterium radiotolerans 1 CP001001 99.78
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Figure 1
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Hl K E, MIC)
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J& (Bacillus ) & HNR-4 Fl 74RP-2 Tt 5Pk e 5
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Btk 7962R-1 ) MIC /)N, A& 5 umol/L.
23 HNEMEREDEEM

MWE 24 ADNERMEDMREN, K3 1AA
E AN 0.78-40.12 pg/mL, A R R 2
sp. 7T37-2 ; B AK B &N
1.46-752.74 mg/L, & W)2 Xanthomonas sp.
TN25-2; ACC Wiz H#E 718 0-9.22 U/mg, H
W Bacillus sp. TNZ-3 [IHE 1 Bemr s JoLiE
fig B N 0-3.10 mg/L , W& Mk & & W R
Staphylococcus sp. TARZ-5 (% 2). 456 4 MEY)
A EFE bR, Bacillus sp. TNZ-3 Fll Microbacterium

Pantoea
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Diversity of seed culturable endophytic bacteria in rice 728B (A) and BB (B).

sp. BT96-1 AR fE A= Pk B AR AL 5
2.4 HFHFFE HNR-4F07NZ-3 4R 5 T8y
EBRE
H T A Bacillus sp. HNR-4 HITH4RMEfeos
MIC & 2 560 umol/L, [Mi##k Bacillus sp. TNZ-3
1) 4 MHEP L E R AR R, R T LRI
fliix 2 ARSI AR AL T SR T B = i
W1, ME T eSS LEREE T . &l A
% 1 mg/L CdCl, ¥ LB AR FRILHRRFE 24 h,
Bacillus sp. HNR-4 X173 Cd™ 1) LRk F]
77.57%%1.14%, i Bacillus sp. INZ-3 %} Cd* 2255
FAUH 2647%+0.42%, —H AW BEEP<0.01).
2.5 FHFHFFE HNR-4 1 7TNZ-3 %tk FEEE
. EKMNER BN
251 FRAEFRERKEMFHBLE
KFERD TR 4 d Jaits g 2Es, SR
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R2 MEME CA-MIC FEIRE AN E

Table 2 Determination of Cd**-MIC and plant growth promotion traits of endophytic bacteria

Number Top-hit taxon 1(\/HC/1 TAA/ Siderophore/ dAeCa;inase/ fcl)ll(l)japi?ii;iion/
pmol/L) (png/mL) (mg/L) (U/mg) (mg/L)

7LP-1 Bacillus altitudinis 1280 0.78+0.33 6.40+0.74 8.56+3.44 1.41+0.27
TNZ-3 Bacillus aryabhattai 80 27.74+0.66  46.37+0.52 9.22+4.88 0.45+0.07
74RZ-6 Bacillus megaterium 320 22.24+0.89  39.48+2.10 1.33+0.39 0.59+0.03
HNR-4 Bacillus paramycoides 2560 1.82+0.05 6.40+1.62 6.92+2.24 1.04+0.01
74RP-4 Bacillus safensis subsp. safensis 160 0.99+0.09 14.10+0.47 0 0.18+0.01
7LZ-2 Bacillus siamensis 320 4.95+1.11 18.94 £2.20 0 0.13+0.02
74RP-2 Bacillus thuringiensis 2560 1.28+0.24 10.17+0.84 3.0540.15 0.77+0.01
T2RZ-2 Bacillus toyonensis 1280 1.40+0.19 5.45+2.03 5.02+2.33 0.69+0.08
HNR-14  Bacillus zanthoxyli 80 31.39+0.95  56.99+0.15 0 2.37+0.11
BT25-3 Brachybacterium paraconglomeratum 320 2.69+0.45 59.86+2.15 0 0.21+0.07
HNR-7 Citrobacter bitternis 640 33.28+0.99  8.65+3.45 0 0
7962R-1 Curtobacterium luteum <5 3.57+0.14 15.50+0.90 0.68+0.24 1.28+0.05
BT28-1 Flavobacterium acidificum 640 29.78+0.90  1.92+0.08 0 0
B2R25-2  Methylobacterium radiotolerans 1280 1.22+0.30 3.43+0.02 0 0

BT96-1 Microbacterium hydrothermale 80 34.6940.64 41.90+3.19 5.24+0.61 1.33+0.17
B2R25-7  Microbacterium testaceum 80 28.25£1.34  50.96+0.90 0 1.91+0.17
B2R25-4  Paenibacillus cineris 320 2.61+0.11 28.86+2.26 3.64+3.47 1.82+0.11
TN25-1 Paenibacillus turicensis / / / / /

7T37-2 Pantoea agglomerans 160 40.12£0.60  5.70 £1.12 0 0
72R25-1 Pantoea dispersa 320 11.81£0.92  6.15 £2.47 3.53+1.27 0

7TN25-3 Pseudomonas oryzihabitans 1280 13.77+£0.39  19.39+1.96 4.47+0.34 1.08+0.15
74RZ-5 Staphylococcus epidermidis 1280 1.74+0.04 2.93 +£0.20 0 3.10+0.30
TNZ-2 Staphylococcus haemolyticus 640 2.45+0.32 1.46 £0.10 1.79+0.30 3.02+0.06
TN25-2 Xanthomonas sacchari 30 1.24+0.09 752.74+17.81 0 1.38+0.01

/: Data are not available because these strains do not grow or grow poorly in the corresponding assay media.

FhF i & RN 69.52%, 5 ICHZL(CK)RIHE &
(78.10%)HH L 2. 2 FEAIK(P<0.05), AT DL4R ki %)
C WL 188 JKFERhF i A A IMHIVEN . R
FLR I G, e TELmA s A ma, W
Pk HNR-4, 7NZ-3 0% —F MR A H A # AT 2L
P KR RD T K32, Horh HNR-4 235 Fh
Tk R E, 155 89.91% (JCHEL)F 84.26%
(G4R41), 55X AR L3 BA 251 25 7:(P<0.05)
252 FHHERERKBHEHEHEKER
Jiti fIn & R S K R A AE K sl 2B, 2C,
2D /R FEJCHAA , it 7NZ-3 . TNZ-3+HNR-4
524 TR R AR T KR 4 AR R R

(P<0.05), Jififin HNR-4 Xf 1 Fk e %A i &
R, TEAMRAL, i INZ-3 MR A E R
FHE R T 4 AR A R AR B (P<0.05) , it in
HNR-4 X 4 ik i A 2 35 0 R R (P<0.05) .

DL RS R EIR, e oM oA mal, INZ-3
#a] LB B 3 m K R 4 i AR Ak v, XS
B HA BB AR —B EAE
FLF- 254 T HNR-4 Tif 58 5 i 7NZ-3 48 A= 1
EIOE, ERE R A AL B S 2 AR
KAk AR im0 . TE RS E MRl T,

Jiti 0 5 B LS 4 A TS, (H2ERA R
FHEERAKER),
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Figure 2 Germination and the growth of rice seedlings after Bacillus inoculation. A: germination rates; B: seedlings; C:
root length; D: shoot length. The lines at the top, bottom, and middle of each box in C and D correspond to the 75th,
25th, and 50th percentiles (median), respectively. The ends of whiskers correspond to the minimum and maximum
value. The asterisks denote significant differences between control and treatments at P<0.05.

253 FHAHERFERKEHIEHEVESE W, AN RS B R, Wl
XK Gy i AR ZE 0 i & S AT I R 1 M b R 4 3 B R R OB 3 R IR
(3% 3), ALt HNR-4 BGAJE, MRPHSR (p<0.05); iifin TNZ-3 BRI, 25RO

x3 KEYEPRIEREBRY

Table 3 Cadmium content and transfer coefficient in rice seedlings

Treatments Cd content in shoots/(mg/kg) Cd content in roots/(mg/kg) Transfer coefficient/%
Cd-CK 17.37£0.09 b 242.00+2.83 ¢ 7.18+0.01 a
Cd-HNR-4 15.47+£0.17d 254.33+£0.94 b 6.08+0.09 ¢
Cd-7NZ-3 17.90+0.37 a 275.00+4.32 a 6.51+0.17 b
Cd-HNR-4+7NZ-3 16.65+0.01 ¢ 227.65+4.43 d 7.3240.00 a

The different lowercase letters in the same column indicate significant differences among treatments at P<0.05.
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HBAT AN, (EER R B0 2 T R(P<0.05); it
Jin HNR-4 F1 TNZ-3 AT, ARFEE i
AN ETRIL, ARSI T B E =R

3 L& #

ARSI KRR A 728B RS in
T B 4ok BRI RS deAi . ATIRESE R,
M AR SN 0.45-2.30 mg/kg, 728B FERL
FATL R EH 0.08-0.48 mg/kg, 1 B AFRIHAN S
7 0.37-0.91 mgkg, —HHAREESR . &30
728B FfH B Fy- I B RN AR AR A T o3 B A
T, fanit 2 SR ERREAT LR R A R
B RR R FAA e —E 25 . 728B I
P i 2 N & (Pseudomonas) . 20 &
(Bacillus) 25 20T 14 J& (Paenibacillus), {4 B
B Al 8 12 1 B (Pantoea) . 565 /N 1 &
(Curtobacterium) FVAT & & (Microbacterium)

IKFENE g — Rl o s e Jm Y 2R
VEY), SRR E 4 Jm 3B T oA A= T RE 5 K e Y
HARPLEE T . HAET, XTE 4RI AR
N AEYI N A R R TS T AR TP R e AR
FMY b SRR, Hem R EAEY
A DU i 524 LA B 4 i PO FIAR 1 (2 A M 1Y
MR, RFHAEES RS TAK,
[Fi] Fof 33X 426 PAY A 41 T o) A 40 e M 4 S Al A —
SERGIRT G, TR SR AR R SR (Sedum
alfrediin) , 55 B B} (Streptomycetaceae) . F5if
+ K W Bl (Nocardioidaceae) F1ER ¥#5  K T B
(Pseudonocardiaceae) ) & 5 4K g 5 KR 2Lt 4k
Py 3 ALE Cd/Zn MR REVIM . fE7R

SR R 3 S A TR A R 2 OC R AH T Y
REWH, UL BFRIE AR, RRE
A Cd/zn BRI A SOWE B (IR AL Bl 728B
HE SR b A B OGS B R A Fh A AR TE —
FE 225 AEMRER M Rl 728B W E 4E Pseudomonas |

Bacillus 1 Paenibacillus, X YET J& I BRAKSE &
UL R A AE 41 T (PGPB), AT LAiE i & i ACC
i 2l | BRI A SRS W) (EPS)Y (e i AR W) 7
BB AT AKRM, —SiFRRE T
Pseudomonas Ml Bacillus WK T LU 1 FEAK 1
bR B AT ARAT M T R AT K R A A R AR
FUR S SRS B A & 4 Pantoea
Curtobacterium 1 Microbacterium. Pantoea )
— SR R 2 W WA PGPB, A MR LB
Pantoea TEREFT LA REAK FEAE KR As B 7,
AR 7K AR A FH 58 B 4 i 1 52 i) (v oA UL 1
Curtobacterium 1 Microbacterium 125 ULHY)
IKFEFPF A AT, H AN T A S P A 4
PR TS G T OKARAE R L B AR A R AR .
PRI, 0 5 XA R R R SR 7K - 1 ACRe i A N A
TR Y 2H B S L g i S AT IR ABIESE S

AR — 25 XK R Aol 1 P A 2 T R i
AT TINE , e B4 R 228008 A 40 T B A S
%, Hrh Bacillus sp. HNR-4 Fl 74RP-2 HI%5
/MR BE (MIC) e =7, i85 2 560 pmol/L.
TEE 5 umol/L CACL AMRIARRGFR A1 5% 24 h
J&i , HNR-4 0] fifi B SR 5L v i 58 88 5~ R K 77.57%,
Ui B R 58 B8 77 A TR NS & Z A bt
FARGE , W5 ZE AT B (Bacillus subtilis) . FLK
SEAUFT I (Bacillus megaterium) H3 FIB FC 2596
¥F 1 (Bacillus aryabhattai)T61 Xt & a1 = Kb
CA> HAT B i 1 22 RBP4 8 20 1 440 ff e
Hh S R IR BE AR RERR , v] LS AR B iR
| WML | RS ST, AT DL o
51 BT A B sk 45 A 1 PR B B 4 0 g Y
I8k, BOATE R TSR H Pk HNR-4 78
Cd> b5 AN A JR 3 A i, Feimi g K 2Ryt
JE, HEN HNR-4 7] BB WA ISR A P RT Cd*
HEATEEAG, DN/ D X A4 L ) 460 55

JoiAE ST, AR A TR AR AT D o R AR
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P)rE K R TR 4w aa Y AR Sext 24 AR
AR AR IR L BRER . ACC i, L
SO wEE e AT, A5 R RV KR Z 8N A= 21
WEA 1-4 BB, K, ZFHATEE
(Bacillus) VAT # )& (Microbacterium) AR ) 4 7~
PEA VAR RER LA o M LB & (Pseudomonas)
TR R HAT 305 5 R BN ACC 2B 1,
1Z W@ (Pantoea) W FR 5 1 IAA Fl ACC B
TEVERC R o AR AT LA A A R R A A
PIR ARG, bR AR b S Wi A A
Pyl AR RS m s A B A R
AV ERBEUAA AT LAFE BIAE ISR Fe JUR , TRl
BAKET UL S A SRS, IS E SRR
FRRTARAHER N, A R i TR R L
A N, ) 2 TR R PRI
AL SR RANE A T 405 A WY
ACC J BT LAREAR 06 IR BRI ACC,
T FARAE I ) LI 7K, it HAR R AE R,
PRI, FEBE 2514 T ACC WS X T e
YWAKARE AR, R T 3AS ] G e
TE AT, SO AR T G R B i
J&, STEME ACC BB BE Ty T e
—SERF R IE TR 2 A A ) RT DA
DIOKFERFRL R AR R, R KR BT, Xk
TRAE A FE 2 R R B> R )
T8 B (Cupriavidus)* 2V H1 55 B T &
(Stenotrophomonas)™24 , Ho, ZEEFF I H
WL RIYIAE A AN (PGPB), R H B # R A 36
S5 e S M R T 3 R 1 I R T A R TS e
02 GURAT B Tz RN ARG S R AR
SRHY Bacillus sp. HNR-4 FIFE Y 0E A= M5 01
Bacillus sp. TNZ-3 47 BT F A A TR 09 1=
TR AN Iy 1 S5 . Jiti il HNR-4 B A5, SR7E
IKFEA AR R A R BB, AR 2R R A AR
ZoE W E R, UL HNR-4 54 57 AT LAd /b 5 4
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J& B - I K e b B4 i B AR R o i
INZ-3 WG, KFELH R . eSS A
WERG, fCERCREOVE . it HNR-4
FINZ-3 WA, BB FE AL AN =ZE 3 Y
AR B ERK. Bk, Z5EAPILT
TR, AR AR AKAE 0 T X HEAE R R A TF
T it — 2T o AR i 1 DA —fk LA
BT S22 R MY PE B Bacillus aryabhattai T61
REZEE AL, GRS T61 TERE T 7E/KAF 4l i AR AN
2 s, JFE R H SIS E) T61 B ]
DLZE fi K RS AE AR T 52 B B 3, BRI AR o
728B FINE 1B ¥R i & 0. esh, H
b — S WHGE T Bacillus megaterium H3
F1 Bacillus subtilis 7] VAREARERINE 540 T K R
G 1% 7 I R s RN R e s O (v ) 2
BRIG AP H B AT AR SRR R EK
FELAFL R v (%) 43 A RO RS FLAE AN B, DKLU
TR AN B AUR A% . RT-qPCR . AR 412 %
BOR RPN AR TR LR 7K REAEL PR A5 20 1Y R B A -
JEHEATEEE T, I i — B IR TR R E B
SHEYER . Py A E S B REN R,

g b, ARV P KRR 2
SEFENNAMEREIR, o Ak B A R
SR A TS 52 ARAR A 8 A v i D etk N AR AR T
X TR AN FEAE ) -1 e ) - 4 R T Y TAE L
il DA BT e i A W v AR Tk B R Y
PR A EEE X,
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