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BEERRABMEN ST, MEREMNEREE R

= 1 1,2 M|
KEME, KAEM ", TR
LRI, KIS, R W8 266003;
2. FEHIERE SHA AR ESERE, WL RRE S S0 I RIS E, IR # 8 266072

FEE: U048 B (Zostera marina) iR FRf BERUA: Yy W R 07 T X 68 v A K 152 ), R PSR B M T Wl 45 55 2k L 68
TR B Ay B AT 4 bk A S AT BE IR AR(PL . P2, P3 Ml P4), MBS . A FHAfLARAE & 16S rDNA 4
D5 D TR HEAT T %8, BRI T TR I BoE B 92 450, WRoE T O BB R R R AETE | AE R L A B R B - S TR T 1
SO, ERFR, WERR P1~P4 435 8 ZE fAT B (Bacillus altitudinis P1) . FMFT H (Enterobacter mori P2). KR
[CFR (Escherichia coli P3)HI Cobetia marina P4; 72 h BRAR RS T2 T PR & 24300 116.98 mg/L. 123.13 mg/L .
130.21 mg/L F1 76.54 mg/L; it 55 5290 450 34.67°C .33.95°C \34.60°CHI31.19°C; Heidi B F2:h B 4514 27.10,
28.29. 29.54 il 26.08; W& WILA pH 43410 8.26, 7.92, 8.17 Ml 8.21, #8E AN FSLIRIUESL, 4 LT AL PBELH X
BB RO AR MAETE AR AR AR 3 SR PR 1 Sl O S5 bR A A [ AR B ) B v sl 3t o TP R PR P2 X AR K ) 5
Beoh W, RGBT AL, M b RO R AR R, M (54.3144.79) em® . (3.58+0.36) mg/(shoot-d) & (0.28+
0.04) mg/(shoot-d), ZXTFRAMY 2.77. 2.91 F1 1.75 f%; M-A M EE a. MR b, SHGERMIEHE MFK 4 F6
HBOEEERSHH 31.35 pg/em?®, 12.57 pglem?®. 39.42 pg/em® Fl 6.21 pg/em?, T3 5 T4 B4 (P<0.05), KEHk P4
ARFRLE AN, A A5 b BZE 1) B Tl e T 7 340 0 v T R (P<0.05) o {HLIR it 75 2t 5 %o R4 TC B 25 2% 57 (P>0.05).
LEE TN, RIGHTE (Enterobacter mori P2)H. & ¥t — LW E B E W AREL W, TERHERAESREWE +
Al RE B B R R o B 5E 48 R IR AR T 15 5500 i DA R ) i 55 A I 4 B O A 88 R vk N TR b 4
BEGE TR

KERIA: BPE VABER 16S 1DNA; 2R S, (2 AEME
PESES: S931 MERFR SRS A X EHS: 1005-8737-(2020)01-0082—14

i F e — R UUKYE PR T A, Rl
T BRI T 2, A T R AR 2
FA G855 L1 AR I R S R g — DR L R A 3 A 2
R4, BAEENESREMET RS M E,
SRR T F AR AR RS TE SRR, o B
Lo A AR BT e 7R % 56, 965 5 PR B AU 2 AR
P A A JE R 5 28 T S A I A
T BORANE,  H A A R IR e A s = A K
BT RIRAUA, M AT TT 2R RS A [ %E 7
I RO RCR o (R 3R S T, i % £

It HEA: 2019-05-05; &iT HE3: 2019-06-11.

it N T AR By o7 b KRR A &, 425
FABAERAT TG R D . He, Rddsry
56 R AL BTN TAR BEHOR, & B i i 5
PRS2 A 5 052 e v ) B K A, HL A i v 1
T,

TR TR & — 2R BRI 138 P XS P B i A
W Re a8 WOSCOR) T Y T i i, e Lo
Z R RA A ™), A b AR 28 55 K AR 25 R
ATﬁ%$EﬁE%¢%Ong%MH%ﬁi,
P B (Aspergillus niger)BREIEBEIHESS, BE W&

BEWB: [N EATALBHE L I1(201405010); 11 AR 4 SRR & W 1F B2 5 H R T 52 92 30 % 5 R R4 4 10t

(2018SDKJ0501).
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R/ N AR B I L & e /N AR
Jo AN K T AR Ay B AR E) 3 R ELA L
WYER N ARk, AR, A
BN AR S A L Xie SRR STIESE,
RAR B (Pseudomonas putida GR12-2) AU X
W0 A B R, BRg A KR (1AA)
FAERKMTTYEEHFEYRRER, WAHRE
W, W B RAE B REDURY T EE R RUEY), 75
V0 S BRI £ ik O 2 b vk R A 2D
H G T H rh B B W (R F 9 A BR 7 i 1l ot
AWy s e Ty Y, K AR E T
TR T AR BRI 0 AR DL HRGA .

% ¥ (Zostera marina) & #% ¥ B} (Zosteraceae)
3 5 Ja SR ME — ] A3 I VT AR G T AR AT
Y, P EEES AL T WAt Al
AR5 i T SR R K X 0T 4% 0 4 0 X4
VS BRETIA P 1 H  Re A PR o ok R, R FH B R
SRSM 55 5% 1 DB BEAR B o325 | i i v s30T
PR, JEXTHBG IR AR T Ak, At N T 5%
PN RS A A E Y, W IR AR A A
ARRG, MEMR R 4 ZO05 0 R S5,
MR PR A S U . DR il A me v W R TS T, A B
KAFVEFRER S =A%, VI IRFIME R A ok e
Pyt 68 R 4y i AR AR . A SR AT IR AR
GE R AR A2 A D Re 55 AR 48 B S5 2L 0088 e A R
FBAL N T SR HEEL Al R

1 #MEEFE

1.1 Hm*EE

1.1.1 SBERERRAY 2017457 A FILEES
7R 5B 7% i K RS 1 (36.43°N, 122.26°F) i daf ifF 1 R
B RGNIEI 3 A UEAL . AR I G o A
AN BEALEE R R EE R F 20 om (19 3 A0, SREE
AL 5 em IRE W RIZVIRY), A THS% E
TRAF o REEMUTHEA R R A vk, Rhiz
1.1.2  8BEMERR  SCUO SRR R A LR R
T KRG W (36.43°N, 122.26°E), RAER, ¥
FEAR G ARSZ Y, B R 68 ROAE AR S8 8% A B
ZRMFIKIRVE, KBRICTT | DU SR A=A, 7%

NBEA KRS b, 24 h MRS 2L I 5286 =8, T
FHMKRERFE 3 d, IR AT A SRR, 1
RN 30.79, A H 14 BSEEKEE A 19.85°C
1.2 EHEE

VePE ek BB SR 4L SRSMU T T vA s 1 40
B glifh: HATHE 10 g, BERRES S g, BRFREZ 0.5 g,
LR 0.2 g, L/KBREREE 0.3 g, W% 0.004 g,
R 2k 0.002 g, S0 20 g, EERERIRY) 0.5 g,
TR %2 0.1 g, #8217k 1000 mL, H AR 5S 2A
MK B KBS pH 7.2, F 1 mol/L & &AL AR 5 .

LB AN 10 g, BEREHYS g, A1k
B 25 g, M4liK 1L, HTHEBREEE &Y,
IREEFRIETIN 2% TR, 1x10° Pa 5 iR i JR 7%
TR
1.3 E#HMSBES4d

Bl g S RORBRITEY E T 100 mL FiiE
SRSM AR #2341, F 30°CF 180 r/min §&3% 15
F5 24 ho KR SIS A TR IR B A I BE (107
107%, 107°), ML 100 pL B4 AG T F Ao B
SRSM #5573, BB EE 31k, 30 CIHIREE IR
48 h, BEHUH—TE VK 2 RN & s b -5 H
1.4 BHENEE

W 4l fk i B R 2R T LB FMARES 3R 3L E, 30°C
B RESR 24 h, WA RTE LA IFIEAT 4 QY
Filss NS E AL SRHE . SR (AZR R0 R
YesE Tt ) UV b T bR B 2 B A AR AR

K H 4304 Easy Pure Bacteria DNA Kit #£H{
bk DNA, DI 4T DNA sitk, DigiE
16S tDNA 4 )75 514 PolF/PolR i#47 PCR
i, 16S tDNA PP 1 & 94°CHAL 1
5min; 94°C 30's, 58°C 30, 72°C 30's, 35 PMEH;
72°C 10 min, B 2 uL PCR 724, F 2% B bl
BERCH IR AT = 0E . 38 7= i AL 5 R B
W AEE AR AR Y, BS54 NCBI £
P v R Blast 3144 58 BOR R X L, 26 AR R
PEE I F S A MEGAS.0 4T BB R T 00 .
1.5 HE#RBEEEENNE
1.5.1 HEHRBBEENEENE Hraifh i) sk H
KA 24T SRSM AL R4 |, & T 307C
TR A B ER SR 3 d, e HRE R
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(D) R TR 75 BLAZ (d), HR4HE HLAE (D/d) W1 25 ] W7 45 B
R W BE 150 55 o
1.5.2 EHRBRBEENEENE FKailbrdEik
FRiE] 50 mL LB }5323EH, 30 °C, 180 r/min 1557
24 h J&, 10000 r/min Z5.0> 10 s, PR 2%4:
FRER K H B 2 ODgoo =10 B 250 pl H 7% &
T 250 mL SRSM K551, 30 °C, 180 r/min $& %
Rig% 12 h, 24 h } 48 h, 5 Ei Wbl stk
FRER I &
1.6 HEHREKMEHNE

B ODgoonm=1 M 1 mL 8T 50 mL LB
WA SR, oy IR 45 B AR Bl A K AR T 8
3 0h, 2h, 4h, 6h, 8h, 10h, 12h, 14h,
16h, 18h, 20h, 22 h, 24 h, B PEFEBEE 3
o LAZS 1 LB AREE 37 3 0 X6 B, I AN [ B i
2B} [ B ODgoo 1 o LA R AR 5 =] 8] Ry e Ak b, LA
ODsoo 1EL A DA A2 il T Ak A 1 il 2k
1.7 BHEEFEEHNTR
1.7.1 BE A ODgyo =1 BYH 1 mL $%Fh
F 200 mL LB W& i& 754, 405]F 15°C .20°C .
25°C .30°C .37°C % 40°C, 180 r/min #E %3555 18 h,
HMEEEL 3K, @ H 0D fE .
1.7.2 pH £ ODgoo nm=1 FUTE I 1 mL 50T
200 mL #J# pH M 5. 6. 7. 8. 9. 10 i) LB &
R FE ST, 30°C, 180 r/min #R G 18 h, FiA4>
pH & 3 K, i H: ODggo [H. o
1.7.3 EE & H ODgoo nm=1 BITEK 1 mL $%Fh
T 200 mL ¥ 45 Eh B (LRI 0.5, 10, 15,
20, 25. 30, 35. 40 Ay LB JiAR: 3= H, 30°C,
180 r/min R 1537 18 h, BAERERERE 3 &k,
7E H: ODgoo fH o
1.8 BEEIEEE KNI

FHT 2018 4F 5—6 H kAT, RSN
ST T, WAL BRIV W TR N A R AR K Y
Wi, AR SC G AL HR Ay R AN R TR D, 43Rl
KK P1, P2, P3. P4, Kb HHIRE 8 NEE, &
A2 B AL UK 4 R4 H B A AR UE A8 2= R AR
Bk 15~20 cm, M H% 3~4, HURZE 4 cm)B 10
PROBERIR, A 4.5 kg A T3, RWEE
PeRh i N4 50 mL A (10° CFU/mL), 52K

TEE M BIE AR it AT, MRABE R 4 4 E
BE TR — DK, H 44 &R KR
ARG K R B LA/ D S IR 25 . SEER R, B
A 1B FAE AR B LI ARIC o BEFLALE AL T AR PR
A RTUREIAEHE EJr 1 em Ab, SEEFREE
30d, SEERZE WS, WETTE A AAETE %, I E Hr
A BT K M R R AR SRR AR K AR
Fr, ME TSR Zhao 251, M eH 0. Al
T PEBE S R R 2R B AR AR, ME S IR SUR
RO Y, M A R, R AR
TR My Solarbio S EEIR ] & E
- R ARG | PR | B R R A IR S
He e N RS ] T A A Y (GB17378.4-
2007)I0E APk 2 A/ . R ERER . R ER T
1.9 HiEHH

BB LA 4 HAn HE R (x £SE) R, RH
SPSS 17.0 #4175 K J7 243 HT (one-way ANOVA),
HER W EFEMIAT Tukey £ HE /M 4 6] 22
5o WEMEKF a=0.05. 4 HT45 R origin 8.5
B2

2 ZEREHSW

2.1 BABERRESEREEENISE

O AR I LRI A, DR RG i) 68 E AR
PRUCER Y Ry 158 15 MREAEEBERE IRy
Btk i R 0 St —A alifh, MR A PR AR e
RELVEBERE IR, B 4 BREARER
WERE I Y EbE, sralan 4 PL. P2, P3 Jz P4,
BRIE SR 26 1, AT AR ARSI W3 2.
2.2 HE#E 16S rDNA F3 PCR TR ERZELE
Xl

itk P1~P4 1) 16S rDNA FFEFF45 5 1%
% NCBI 9y GenBank #(#fi %, i#id BLAST XTI i,
PEHUE RE P1~P4 [R5 4 AH T R Y 16S rDNA
FPOI R Gk B AR (B 1), 58 RIRIES
. BEARRIELES M, WKE P15 Bacillus
altitudinis 41KF2b(ASIC01000029) 1) #H1LLBE K T
99%, %5 kK P1 R L ZEA0FT B (Bacillus alti-
tudinis), 4N Bacillus altitudinis P1, J&J5EBEH
["T(Firmicutes), #ffFT 5 24 (Bacilli), = {EFFE H
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x1

4 RIABEE MR AT S F A

Tab.1 The morphological characteristic of the four phosphate-solubilizing bacteria

BRSNS strain number P1 P2 P3 P4
HE[CYLff gram strain G* G~ G~ G~
Wi colony colour H (A, yellow # (4 yellow HH G light yellow HE G light yellow
7% H.4%/cm colony diameter 0.18+0.003 0.15+0.008 0.14+0.003 0.22+0.004
WY& BIE colony viscosity TR slight wet TR wet T4 dry 248 half dry
WIKIEZ strain morphology AR rod FPR rod AR rod AR rod

K2 AKBBERKEEE T

Tab. 2 Physiological and chemical characteristics of the
four phosphate-solubilizing bacteria

A BHLAE AL FRAE
physiological and chemical P1 P2 P3 P4

characteristic
5[ S5 indole production - + - _
LT methyl red + + _
V-P LM voges-proskauer reaction ~ — - - +
WA i 7K f#: gelatin liquefaction + - + -
FrEgiR Ll citrate - - - _
Ml catalase test + + + +
SLE% oxidase + - _ _

(Bacillales), #fflfT %l (Bacillaceae), GenBack %
50 MH790144; WER P2 5 Enterobacter mori
LMG 25706(GL890774)IAHMLE KT 99%, %&

HE ik P2 N ZEWFTE (Enterobacter mori), fii44 N
Enterobacter mori P2, J&”F 1 ](Proteobacteria),
v-Z2 1 4 (Gammaproteobacteria), ¥ & H
(Enterobacterales), % #T & Fl(Enterobacteriaceae),
GenBank ¥ %5H MH790145; Wtk P3 5
Escherichia coli NCTC9001(LN831047)(1AH bl
KT 99%, ¥ERM P3 JyRIWHRA N (Esch-
erichia coli), f44 M Escherichia coli P3, J&7E
# ['](Proteobacteria), y-Z8JE 1§ 44(Gammaproteo-
bacteria), 7¥F & H (Enterobacterales), tT
(Enterobacteriaceae), GenBank &5%5 4 MH790147;
¥k P4 5 Cobetia marina DSM 4741(AJ306890)
MIFEALEE R T 99%, YEEH MK P4 i Cobetia ma-
rina, 44 N Cobetia marina P4, J&ZEIEHI ]

94 P2
93 GL890774 Enterobacter mori LMG 25706
KP990658 Enterobacter tabaci YIM Hb-3
88 W: KP345900 Enterobacter muelleri IM-458
80 JTLOO01000001 Enterobacter ludwigii EN-119
83— BCNP01000062 Leclercia adecarboxylata NBRC 102595
100 LT615140 Citrobacter europaeus 97/79
ABKX01000030 Escherichia albertii TW07627 (T)
X96966 Shigella dysenteriae ATCC13313 (T)
51 JNBP01000188 Escherichia marmotae HT073016 (T)
32 = CU928158 Escherichia fergusonii ATCC35469
23 AB273732 Shigella sonnei GTC781 (T)
61 P3
88 LN831047 Escherichia coli NCTC9001
JEMF01000104 Cobetia crustatorum JO1
98 AB646233 Cobetia pacifica KMM 3879
100 { AB646236 Cobetia amphilecti KMM 1561
99 AB646234 Cobetia litoralis KMM 3880
92 AJ306890 Cobetia marina DSM 4741
75 P1
490|£ ASJC01000029 Bacillus altitudinis 41KF2b
AMSHO01000114 Bacillus xiamenensis HYC-10
100 JOTP01000061 Bacillus zhangzhouensis DW5-4
ﬁ ASJID01000027 Bacillus safensis FO-36b
66 JX680098 Bacillus australimaris NHTI
BI1 4 BRIETE B AR SR OCRBR 9 16S IDNA 791 R G & 7 E A

Fig. 1

Phylogenetic tree of the four phosphate-solubilizing strains based on the 16S rDNA sequences of related species
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(Proteobacteria), y-ZZJE [ 24X (Gammaproteobacteria),
£ 12 E H (Oceanospirillales), h A g & Bl
(Halomonadaceae), GenBank %55 MH790205
2.3 ABBENERE

ARRTERRIE R 3 d P AE S R B AR SR s
HARWAHDIA) IR 3. BEWElEE 18 Vs 0 1A 1A A
A 4% 37 5 vl X W8 2 R T TR T D SRR 1 32 T
Bl AR 55 W% RN E RN, 1]
W25 W Vs Wl T ik BV R TR ER BB ) 15 s o 4

REIR, W ER S ARRKILE 3.04+
0.09, MKk P3; fie/IMA 1.80+0.03, H itk P4, .

4 BRERRIERERP 12 h )5, JFUR I 5E 40 B 5%
WP TR R IR ER ) B . S5 IRANE 2 Fiow, W
ERHAER, RS D AT RR S = A
WiTt e, Ho 12~48 h B, T 48~72 h [B] 4
KT, 3 dJE Rtk P3 R b nl i T i
EhE e, M(130.21+3.26) mg/L, bk P4 555
Wi T IR Y & AR, M(76.54+1.35) mg/L,

x3 REBENBRBESN
Tab.3 Solubilization capacity for insoluble phosphates of the four phosphate-solubilizing bacteria
n=4; x £SE
Hibkg = TP 5 RV LA LR V5% 5 /(mg/L) phosphate solubilization capacity
strain number ratio of halo diameter to
colony diameter 12h 24h 48h 72h
P1 2.62 46.60+1.74 97.51£2.42 116.93+2.44 116.98+2.86
P2 3.03 61.72+3.40 95.10£2.24 116.93+1.91 123.13+1.62
P3 3.04 48.67+2.47 102.92+2.30 128.52+1.72 130.21+3.26
P4 1.80 5.17+£2.33 39.93+1.61 67.53+£3.53 76.54+1.35

24 BEHRABERKHEHZE
RS NP B TR i € KA 1 G M e g
T T A A KRB ik, e ek
V2 3 A I A TR B FRVRAE 600 nm R IO,
SO BRI AE KR BRI g5 2 R, @
Pk P1 23 0~4 h ZEIR WIS, 4~14 h i A T PR %
BT, 24 h NIRRT B B . 1Rk P2
2257k 0~2 h FEIR W, 2~14 h i A3 B0 1) % %
19, 14~20 h f&+F 6 h IYFEM, 20 h ik AFET:
B, HWkk P32t 0~2 h ZERBIJE, 2~12 h EALR
EG RPN, 12~22 h #4910 h FasE i,
22 h Je i AT bR P4 4850 0~6 h IEIR IS,

121 Pl -+-P2 —+P3 P4

g 1.0

s 0.8

C 06
o

D 04
02

% 2 4 6 8 10 12 14 16 18 20 22 24 26
B %A B/ culture time
P2 4 PRVA B B bR R A K il 2
Fig. 2 Typical growth curves of the four
phosphate-solubilizing bacteria

6~14 h JE A PR ZHE A X E, 14~20 h £ 8 h
ke, 20 h JE A =T,

2.5 BEHRHNEREFRES

251 EREXAEBEAEKNZE WE 3R, 4
PRYABE AR E IR B 15~37°C i B N B g2k K,
HApERE PL. P4 IR BEE N MR, IR 40C
HHLAEAE K, MRk P2 . P3 7E 40°C E L5 1k A4
Ko WRIERe LT, ik P1~P4 (Wb kKR
FE43 1K 34.67°C . 33.95°C . 34.60°C K 31.19°C.,
252 HBENBBEEKNEZL WK 4 Px,
PRE P1~P4 1€ 5~40 MR R N SBIREE# K,
IR IETH S R S, AR KR
h20~35, TRPRIE] A B ih 3h BEAFTE 25 57, TRIVE PLL
P2 YEER B R 30 1, X% ODgoo fH iR, 1M1 B P
P3. P4/ SIAEERBE K 35 K 25 Bffiefe o MR BRI
M2t 8, Wk PI~P4 Hd A K E S 5N
27.10, 28.29. 29.54 J% 26.08.

2,53 pH XABEERKNEZM WE 5 PR, 4
PRI pH &N JE AR E] . wikk P1. P2 1 P3
£ pH 5~7 WENIABR&E ALK E, HR Pl
P2 7F pH 10 BHIRE S AL K, RP\HEAES
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1.0 i
y=—0.0003x+0.0232x2-0.5379x+4.0861 Pl L0 —0.0003x+0.0225x-0.4785x+3.4082 P2
= 2—
0.8 | R=0.9061 . 0 | =097
§ §
06} ° 2 o6l
8 8 06 ;
o i
R 045 R 04+ o
2 R e 2
02 02
o
0 : . - : : : , 0 - : : : - - -
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
{RE/C temperature 1RE/C temperature
L0 1 —0.0004x7+0.0204x2-0.6667x-+4.9968 P3 1.0 1 3=—0.0003x*+0.0226x>-0.4865x+3.5111 P4
R*=0.8857 R=0.951
08| 2081
g 3
o 06 2 06
g 3
04 § 04t
)
0.2 ° ° 0.2
0 0 - : : : : ? ;
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
1RE/'C temperature 1RE/'C temperature
3 JREEXT 4 AR il TR AR A R S )
Fig. 3 Effect of temperature on the growth of the four phosphate-solubilizing bacteria
— — - 3. 2.
L0 5E-05x+0.0016x+0.0235x+0.0087 Pl Lo 3 SE ST TO.Q0IT002380 2069 P2
R>=0.9577 N : TN
0.8} 0.8 .
8 S )
S g
8 06 806
o . ° |
R 0.4 P04
= EX
02 02
0 S S S — 0 T —
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
HF salinity EhF salinity
101 = —7B.05+0.003 12+ 1E-04r+0.0306 ,  P3 L0 SE 05x 0.0015x+0.0237x-0.0072 P4
R=0.912 R=0.
08 709 0g K098 *
8 8 e
> [ )
g 0.6 8 06
2 0.4 % 04 F .
g B8 :% B
0.2 ° 02 ¢ ¢
0 0 e — —_—
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
ELFE salinity B salinity

K4 ERBEXE 4 BRI BRI AR A AR IR
Fig. 4 Effect of salinity on the growth of the four phosphate-solubilizing bacteria

() pH I& W AE ST . (B 4 BREARAE pH KT 9 Z 5k 2.6 ABENEEE KT
K2R TR, HPh@Ek P3. PAZEpH 10 FE. 2.6.1 BEEXNESEGEFERIZN 8 kE

PR IRPEHES I, 4 BRIEBEE R RN 6 B, SXTIRAUAHE, Hefpiba
i pH 435 8.26., 7.92, 8.17 J& 8.21, Y R S AR A ARAE TR . HEHIEEITE 10.17%~
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y=—0.0362x*+0.7103x*4.325x+8.5176
1.0 r P1 10 r P2
01 3=-0.0167x*+0.2633x>—1.0278x+0.7094
R*=0.9875 °
0.8 0.8t
g g
8 06 2 06}
@ &
R 04| R 04t
= =
02} 02t

0 I 1 I 1 I L I L I ;
50 55 60 65 70 7.5 80 85 9.0 95 10.0
¥ifpH intial pH

LOT y=—-0.0343x3+0.649x—3.7351x+6.7734 P3
R =0.9737 o
0.8}
S
& 0.6'-
R
R 04
0.2

0 1 1 1 1 1 1 I I 1
50 55 60 65 7.0 75 80 85 9.0 9.5 10.0
¥ithpH intial pH

05.0 55 6.0 65 7.0 75 80 85 90 95 10.0
¥I4kpH intial pH

| y=—0.0295x3+0.5496xL3.092xr5.4639 P4

R?=0.9685

e
o

W HEAEODgg,
e
=

S
o

0 1 1 L 1 L 1 L I L
50 55 60 65 7.0 7.5 80 85 9.0 95 100
WitApH intial pH

Kl s A0kh pH X 4 Ry 0 B bR AR K R R
Fig. 5 Effect of initial pH on the growth of the four phosphate-solubilizing bacteria

[ n=8;%¥+SE b b

60

TEIE# /% survival rate

P3
Bk A strain type

D P1 P2 P4

Pl 6 AN [ P Tl T o X 88 e AR A 0 R ) 5 T
BRZELR PR IR] B R AN [R) 20 8] 47 75 13 22 5 (P<0.05).
Fig. 6 Effect of different phosphate-solubilizing bacteria on
the survival of Zostera marina
Different letters on the error bars indicate significant
differences between different groups (P<0.05).

23.73%, Hh Rk P1. P3 AR M FETG 200
Txf B 2H 5 H AW 2H (P<0.05), Mtk P2, P4 Ab
PR 5 XF RE 2 0] TG 2 25 57 (P>0.05) .

2.6.2 RABFENEEAERKIERMOEM 68k
A RARRRT AL . B TR . Mk Kb
TR S AR B R R R A 25 5, Ho
5 5 BRI TR AN . b R R AR PR AR

Fofr s B Aol 2 40 1%y o 7 R B v (1L 7)o S5 ) R 2L AR
Pl 42 DA A 3 20 H4) it 25 8 v 8 1 BRI I T
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H°M(3.17£0.27) mg/(shoot-d) . (3.58+0.36) mg/(shoot-d)
}.(3.33+0.19) mg/(shoot-d), 3 & T % HEZH A
Pk P4 AL BRAL(P<0.05), M1 A= J1 e i (e R AE
TR FR P2 AL FREH, 47(0.28+0.04) mg/(shoot-d), i 3&
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B 55 H A A B [B] TG 35 22 57 (P>0.05) o R TR B
P2 AbFRLH, HiAHETE AN PR 5 % HR 4 1) o TG i 3
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Fig. 7 Effect of different phosphate-solubilizing bacteria on the growth performance of Zostera marina

A. New leaf area; B. New root length; C. New internode length; D. Productivity. Different letters on
the error bars indicate significant differences between different groups (P<0.05).
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Fig. 8 Effect of different phosphate-solubilizing bacteria on photosynthetic pigment content of Zostera marina leaves
A. New leaf area; B. New root length; C. New internode length; D. Productivity. Different letters on
the error bars indicate significant differences between different groups (P<0.05).
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Fig. 9 Effect of different phosphate-solubilizing bacteria on
soluble sugar content of Zostera marina leaves
Different letters on the error bars indicate significant
differences between different groups (P<0.05).
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TRFEET . AL 1 a Bk s R £h A
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Tab. 4 Effect of different phosphate-solubilizing bacteria on enzyme activity and nutrient salt concentrations in porewater of soil

n=6; x =SE

Ab PR MR Eh & B /(mg/L)  RSEREL & /(mg/L)

HA S /(mg/L)

Bl B TR T % 3 /[nmol/(d- )] Wk 15 F1/(U/g)

treatment  phosphate content nitrate content ammonia nitrogen content alkaline phosphatase activity urease activity
D 4.54+0.30 19.86+3.65 0.29+0.02° 5778.59+370.90° 90.45+12.24
P1 6.27+0.95 11.66+0.88 0.16+0.02° 11092.19+822.79" 98.54+10.80
P2 7.30+1.29 8.99+1.05 0.15+0.01° 13037.76+2098.60° 111.19+16.74
P3 4.28+0.53 11.54+3.88 0.19+0.01° 6124.26+699.40* 98.32+19.58
P4 5.85+1.57 12.74+4.55 0.22+0.01° 10982.07+540.79" 97.77+4.13

TE: AR AR5 B 378 AN [F] 25 (] 47 7 f 35 22 53¢ (P<0.05).

Note: Different superscript letters indicate significant differences between different groups (P<0.05).
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WHERE IAH L, B RUFnymsitene, RHAE

B EEAEH

MR R, AT 8 (Bacillus) /& FE AR Fr
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Isolation and characterization of phosphate-solubilizing bacteria in
the rhizosphere of eelgrass Zostera marina and promotion effect on
eelgrass growth

ZHANG Xuemei', ZHANG Xiumei"?, LI Wentao'

1. Key Laboratory of Mariculture, Ministry of Education; Ocean University of China, Qingdao 266003, China;
2. Laboratory for Marine Fisheries Science and Food Production Processes, Pilot National Laboratory for Marine Sci-
ence and Technology (Qingdao), Qingdao 266072, China

Abstract: Eelgrass (Zostera marina) beds, one of the most important coastal ecosystems, are highly ecologically
and economically valuable. However, eelgrass beds have been reduced worldwide because of natural and anthro-
pogenic causes. To restore the degraded eelgrass beds, numerous studies have been conducted and various tech-
niques developed. Among them, eelgrass transplantation is the most widely used and intensively studied technol-
ogy. Some studies have shown that appropriate artificial propagation methods can effectively promote the survival
and growth of the transplants, and phosphate-solubilizing microorganisms not only provide phosphate for the
growth of the plants, the metabolites also play a major role in promoting plant growth and controlling diseases.
However, techniques for promoting the growth of transplanted eelgrass are still absent. Therefore, investigating
phosphate-solubilizing bacteria within the eelgrass rhizosphere is necessary. In this study, the growth-promoting
activities of the rhizobacteria of eelgrass were investigated, by isolating four phosphate-solubilizing bacteria (P1,
P2, P3, and P4) from the rhizosphere sediments of eelgrass using an SRSM medium. Based on the morphological,
physiological, and biochemical characteristics, and the sequence analysis of 16S rDNA, we identified P1 as Ba-
cillus altitudinis, P2 as Enterobacter mori, P3 as Escherichia coli, and P4 as Cobetia marina. The optimal culture
conditions and typical growth curves for the four rhizobium strains were established. The optimal temperatures for
the growth of the four strains were 34.67°C, 33.95°C, 34.60°C, and 31.19°C, respectively. The optimal salinity for
growth was 27.10, 28.29, 29.54, and 26.08, respectively. The optimal pH for growth was 8.26, 7.92, 8.17, and 8.21,
respectively. A pot test was conducted to investigate the effects of the four phosphate-solubilizing bacteria strains
on eelgrass growth. The results showed that the survival rate, growth, physiological status, and enzyme activity of
the rhizosphere soil in the four inoculation treatments increased to some extent. Among the treatments P2 showed
the best promoting effect, with the new leaf area, aboveground productivity, and belowground productivity being
(54.31+4.79) cm?, (3.58+0.36) mg/(shoot-d), and (0.28+0.04) mg/(shoot-d), respectively. Additionally, the con-
tents of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids significantly increased in the P2 treatment
with values of 31.35 pg/cm?, 12.57 pug/em?, 39.42 pg/em?, and 6.21 pg/em?, respectively. Except for P4, the activ-
ity of alkaline phosphatase in all other inoculation treatments was significantly increased (£<0.05). However, no
significant differences were observed in the soil urease activity between the inoculation and control treatments. A
comprehensive analysis indicated that E. mori (the P2 strain) could be applied in the future development and ap-
plication of microbial inoculants and seagrass phosphobacterial fertilizers, thereby benefitting the recovery of eel-
grass beds in the future.
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