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R paqC phoD T ANTEREVE YFFAE . 25 R0, it 28 9 e A0 A= W o B A5 Tt B I ARHH EE T CK 38 78 550 7 Wi v e e
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Abstract: Phosphorus-solubilizing bacteria drive soil organic phosphorus mineralization ( phoD gene) and inorganic
phosphorus dissolution ( pgqC gene) by secreting organic acids or phosphatases, and are key biological factors for enhancing

the availability of phosphorus in coastal tidal flat saline soil. To explore the effect of biochar combined with salt-tolerant trees
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on the phosphorus cycling bacterial community in coastal tidal flat saline soil, this study takes the Dafeng Forest Farm in
Yancheng, Jiangsu Province as the research object. Eight salt-tolerant tree treatment groups were set up, namely the group
without biochar application and no tree growth (CK) , the group with biochar application alone (BC), and the group with
biochar application and separate planting of neem (KL), Sapium sebiferum (WJ), pecan (SHT), elm (YS), zelkova
(JS), Xanthoceras sorbiferum ( WGG) , Metasequoia glyptostroboides (ZSS), and acacia (CH). A total of 10 treatment
groups were used for field experiments. The absolute abundances of pggC (inorganic phosphorus dissolution gene) and phoD
(organic phosphorus mineralization gene ) were determined by fluorescence quantitative PCR ( ¢PCR ), and the
characteristics of bacterial communities containing pggC and phoD genes were analyzed by combining Illumina MiSeq high-
throughput sequencing technology. The results show that the application of biochar alone and the combination of biochar and
salt-tolerant trees are more effective in regulating the phosphorus cycling bacterial community in coastal tidal flat saline soil
compared with CK. Especially the treatment of biochar combined with salt-tolerant trees, the pH of the saline soil decreased
by 0.26—1.89, and the EC decreased from 2.01dS/m to 0.77—1.97dS/m. Moreover, it increased the contents of SOM,
TP, AP, TN, TK in the saline soil, the activities of alkaline phosphatase and phytase, as well as the abundance of pgqC
and phoD functional genes (with a maximum increase of 5% ) , among which the combination of biochar and pecan ( SHT)
had the best enhancement effect. The combination of biochar and salt-tolerant trees significantly increased the number of
OTUs in the phosphorus cycling bacterial community of saline soil, enriching the dominant phosphorus cycling bacterial
communities such as Pseudomonas and Bradyrhizobium. The results of redundancy analysis ( RDA) indicated that the
distribution of phosphorus cycling flora was significantly associated with soil organic matter (SOM ) , available phosphorus
(AP), and enzyme activity (ALP, PHY) (P<0.05). The random forest model concludes that AP is the key environmental
factor driving the bacterial community containing pggC and phoD genes in the coastal tidal flat saline soil. In conclusion, the
treatment of biochar combined with salt-tolerant trees can enhance the diversity and richness of the phosphorus cycling
bacterial community structure through the “biochar-plant-microorganism” ternary interaction, significantly improving the
bioavailability of phosphorus in coastal tidal flat saline soil. Among them, the treatment of biochar combined with pecan
(SHT) has the best regulatory effect on the phosphorus cycling bacterial community in coastal tidal flat saline soil. The
results can provide theoretical basis and practical reference for carbon sequestration in optimizing the bacterial community

structure of phosphorus cycling in coastal tidal flat saline soil and enhancing its phosphorus availability.
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TR W K sh T SRR PR A% 3 07 B A S I N iR A B R R P i s e A MRS AR T, A il
R ICHUBE A R HLBE O AT AR 6 Ol 3 AR TR T Sy ms TR 1) pgg C % PR o s i
WML phoD %N 73 B B8 2 D9 JCHLBAA i A1 ILIBER (L ROV AE AR ) 22 1 hn . LN AR rh B i i iz
(40 pit \pst FEPRZET5 ) FYUERIE T R GE (A1 phoR/phoB XU 73 2 2 4t ) W3 ok N PR B8 AP A AL s 25 1 )
BT WP BEAE R DGR A S BE RN T 22 R Y 4R T R R A R . Hu SR B R B,
pqqC FEPH = 52 5 38 vh BRI I M S A Wl ek BAT 35 TEAOG T Li 5 WS R IR, 7 phoD 5 IR 1 4 14
ARV 108 4 o B PE R IR I A I 1, AT B i i A R . (B A B s, v R P T R Ao 41 ) A o A
B (BRI R ) B A e, S R R R ik 3 R T AR M RO X R RS T B R R A
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LA, A W PG I 2 FLZ5 #0358 B3R 1T B BE 1A B A B BT A7 B8 7, e AR B b A6 A2 43 1L 11
TRFOEE S AR e T I B A e AR R A e AR - R R, R - P R R
EFEY ORI R A B e W s, M RS (A B W R TR ARV
TR R HAE S B E R RSB AR Y LR R I (A0S LR | 3 ) v REaE i B A 1 TG Ak
e A mE | Rl AR PRUTBUR nT A B IAE MR e ') N ST 3 Ao A i DX DA VD A%
WA T £ T A K BRI £E TR A F 48 R AR By - 3855 0, 4 AR B 398 S W A QOB Tk FAR B - S0 2 R 5
HREZRENE, SR, BT SE T A= W o R R 1 - S AT 5% 22 45 v o — A= W i A 3 PR I D B 394 Ak il
A= W EETE 7 TEST X AR e S T R T AR RS VE T LA SR paqC R phoD J& PR AN B 1 @ I W 58 4 /0 WF 5T
H W7 5T £ TR AT A BIR B4 R0 135 B pgqC R phoD K AN B RETE Y7254k | Xob ik Bl 25 e o ok R i 2L
UL

PRI, ASBIF 5 AT IR R 0K R WP e I 58 L MBI X 42 s ok P ()36, F o AE W e BB & 8 Rt SR 7R A
AFETEBR(KL) A (WI) Rk (SHT) MR (YS) R (IS)  SGER (WGG) A IlAZ (ZSS) JHIME (CH) ,
Xof £k AR T AR S TS LA S BTG B A B R 10 R 48 7 B A L it K B 2 A S SR T B BIL AR
SR AR - A Ak S AR S T RE R THE SRR AR

1 RS

1.1 K5 R

AR IS LR A Y 1 AR ST N JFURL B AR S S A R AR o, 218 THIR 2 500°C 1 PEAIR A T 241
AL 2h, G EN GRS AN B 25°C 5 HRE 1R i I A= W i v e bRl A it b AR B o 1 Rt R A 1 o
pH {4 7.68  [LR M 140.25m*/g I fL4% 8.27nm A BBk 484.38¢/kg 2Bk 562.71g/kg 2R 32.2¢/kg 22k
5.12¢/kg 28 25.61¢/kg,,
1.2 GRS

RIS B TR A SR s SRV AR37 (33°9759.724"N , 120°4610.020"E & 33°4'0.48"N , 120°46'33.492"E ) ,
Hb A AV AR [ 2 R T () S AT, e XU B 3 AR 4K i 900—1100mm , 45 -2 13.7—14.8C, %
Mo AL FVTIG ST IX AR 22 K R AL R R TURR S M ) AR b i 6 e B R o i R0 X+ B2 [l B
TE R, IRy ol RRER 128 2 IR B YRR B ol 05t MR IR DA, AR R AL BT (0—40em
JEFEME) .pH {H 8.71 L FH(EC)2.01dS/m , HHEH P (SOM) i 4.95¢/kg .2 A (TN) % & 0.34g/kg 4=
W (TP) i 0.09g/kg 241 (TK) F i 9.16g/ kg A %W (AP) & 18.93mg/ kg,
1.3 {8t

AREE R F H )00, F 2022 4F 10 AP B LR 10 FhAb3L . (1) At in A8 4 ¢ H I AR A 1 0] i
H(CK) ;5 (2) A= 5 (BC) 5 (3) —(10) Jitafin 2 x5 3 i R AE e 3 77 A R (KL) (S5 AA(W) (%
BECSHT) MR (YS) BERF(JS) SGER(WGG) (HILAZ (ZSS) Ml (CH) o RIHBEHLICZH BT, FA~ b R
B3 ANE R A, 3L 30 AN, AR REHE 21.5mx21.5m 5B i34 B E AR 20 1 Sk X el s A R K T A B
FEHD T ARIRIFGZY 100m, 7EAE WAt AL BREH | 44 25 o 45 MERRUARRR LG 8 9% 1Ayl I 2t — R M Jmg &R YR 45 it 1 < 7
FEH BT R A2 80emx80emx80cm HY TR FLE Wy 5472 ) A /MR G A fF lIE, CK 4
FEHABUE AT R B] , ZERE AR AR AR TR AR Joy (BRATEE 3mxdm) , XI55t 4 AN ERE DT (AR DT 1
¥ 10mx10m) , BT AR B 1.5m 28 iy (I XIS BIE N £ 70 AR HACRAE) | BRI 5)Fioi 9 A (3 47
3 50) BfE 2 8em MYXT R ERFTA . BC AR 3R Jr ik Hti AEPIRAFIEST AR . CK A RFFIEAR, B
RIS AN TR TIE AL, AR A A BT T) 0 | A e 4548 B Tt 12 5 > b3 10 8 3 7 X — B
1.4 YRR R CRE

TR IR —4F )5 (2023 4F 11 H) RAE IR, R DT ARA BV NX A BT, BEPLIE R 3 #R H
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BB, FHJCTE 15 R 4 HAR IR R T 200m 5 BBl P A6k 15 1 38 (0—40em +J2) BRI —NEETT I8 3 B 19 AR B
IR TR A ) MR IR AR BR LA . X T BC 1A CK 41/ X 7R M5 N AE AR R R 2
(0—40cm ) BEALIEH 3 A RAE FURSE I IRA B SPE M — MRS 1A, I E 10 Db s, 403 3
S B RE NX R4 4 ADFETT 3t 120 fr HIERESL . SRR AR R ATCI B B 4%, T UK iR
TAE IE T Y RB MR E . B0y 2R = Ab B, — 1 B F 4°C VKAR R ARAT, 1 8] PN 58 Bl 1l e g A1
FE R BTG PE I AE 5 — (077 T - 80°C BB AR VK AR T 24E ¥ DNA i 5 0 15 434 5 05 — 1 SR XU 5 ik
2mm i , LERAEPAR 2R AL 0T, F T A A AL o A U
1.5 WHMWE Rk
1.5.1 3 o @

14 pH ER H R (K £ HE 2.5:1,25C) s 38 (EC) SR FH HL I 2 ; - 447 HIL5T (SOM) R H
T TR - R S A A I AR A 5 42 (TP ) SR FH AR BT /0 Y BE VI 2 5 3 4 ( AP ) SR FHRTIR S M 1= $2-4H
BRHU M EICEE RN A s A4 (TK) SR FH E AL AR IA Rl 5 420 (TN ) SR FHEILEC S Z00A DU A 5 S el 1 ol 7 iy
KW E — A He a3k B 5.0g & 4 (AHEFIE T ) AN A 20mLpH9.4 B AR £h 2% thil . SmL0.025mol /L
BRZE BRVA R, T 37°C THIR G FRAA TP 5 35 2h A2 ; HHERE AR ( PHY ) 15 MR FHAILAR 3% L (74 B 1.0g fif
T (CBET ) IIA 4mL0.2mol/ L AHFRENIA W , T 37°C HIRIE FRAH 3557 1h M,
1.5.2 T35 DNA $2HK

A5 E.Z.N.A.® soil DNA kit ( Omega Bio-tek, Norcross, GA, U.S.) Ui BH B T4 Wik v% B LR 24H DNA
T4, 18 19 B9 B0 B SRR I vl JOAS: T b 42 19 3 [ 4 DNA 19 i &, £ NanoDrop2000 ( 35 [& Thermo Scientific
O3] I GE DNA W BEFI46 R
1.5.3  pqqC F phoD F&[H SEHS 2 S &

ffi 1 ¥ 4% Barcode /7 %1 19 51 ¥ ApgqCF ( 5'-AACCGCTTCTACTACCAG- 3') Ml ARpgqCR ( 5'-
GCGAACAGCTCGGTCAG-3") "> 1 pgqC FEH 314 F BEA/INA 306bp., [ 441 Barcode F¥ 51 (514 phoD-
F(5'-CAGTGGGACGACCACGAGGT-3") 1 phoD-R (5'-GAGGCCGATCGGCATGTCG-3") #"3#4%) phoD FEH , §~
14 BER/NA 371bp, PCR KWK Z (10WL) :SYBR Green Master Mix( Low Rox Plus) 5L ( B GUHEMERS2E Bk}
R ABRA A, IE 519 (2umol/L) 45 1uL, 4 DNATWL, K /K (ddH20) 2pl, PCR J b 2 1F .
95°C FAE M Smin, 40 MEI(95C AP 10s,55°C 1B 2k 20s,72°C LEf 30s) , SR 5 72°C K& 2 ZEAH Smin, 5 7F
4°C HATIRAF (PCR {2 : ABL GeneAmp © 9700 A1), fifi ] 2% B it e 2 [m1 05 PCR 74, FIH] DNA B i 0] i 4l
1IR30 & (PCR Clean-Up Kit, @4 ) #E47 B =Py 4lifl, 37 1] Qubit 4.0( Thermo Fisher Scientific, USA) *f
[RDSC = 3R 4 A T o

fdi F§ NEXTFLEX Rapid DNA-Seq Kit Xf4fifbJ5 (8 PCR F=H AT a2 . (1) 383 B 4 5 (2) i FHRE Bk i e 2
Bra%ek A 3% B (3) I PCR 973 E 4T SCEBEAR (1 6 4R 5 (4) WEER ML PCR 7= W45 B\ & S0, R
lumina Nextseq2000 V& #4700 7 (L3 E AW E R AR AR
1.5.4 sy BAE o B

f8 1] fastp (v0.19.6) BAF X B i 4 I 5 7y 3] A7 455, ffi H] FLASH (v1.2.11) Bt A7 9f 4% (1) 18
reads FET I EL(E 20 DL R BB, 38 S0bp AOT 11, QSR 11 P8 B9 724 BB AR T 20, I ET F1 T A 3825 )5 i
BRI 1 BE S S 50bp AR BY reads , 2BR & N BHFE Y reads; (2) H24E PE reads Z [H] Y overlap ¢ &, Bf B
reads P (merge ) — %791, f /N overlap &R 10bp; (3) PHEFHNEY overlap X FR 1 B9 e KA L L% R
0.2, TEAFTE R ; (4) IE 75 & B P ) barcode A5 |4 X 43 4E &, FE U8 %% 731 J5 9], barcode A4S
BCECH 0, e KBS BCECH 2. (i UPARSE v7.1 344, #R45 97% 1 AR BLRE X o 4 DFB2 5 19 17 51 b A T4 4
ArZEHIT OTU( Operational taxonomic unit ) RIEFFH S, FIH RDP classifier (v2.11) FoXF nt_v20230830
Yl o3 2B AT OTU W0 o 252 e, BAS B R 70% , IFAEA RN 2K T Gt R M FEA i RE
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A, M PICRUSI2(v2.2.0) B 4FHEAT 16S THHEHM 43T
1.6  HdEaHT

K Microsoft Excel 2019 X $ilaEA 7T HA L B 51157, SPSS 27.0 X EHE #7140, R FRL IR R Oy 22
S3HTE5E (One way ANOVA) FlfRe/IN i 3 22 53 ¥k (LSD ) X AN ] b #1240 B4 647 o 3 #4301 (P<0.05) . SR
mothur 25155 Alpha Z#:44: Shannon 541, 31K FH Wilxocon #&FIKG I 54T Alpha 22 FE: A 2H 0] 22 57 404 il
HHFETF bray-curtis HE B B 1 PCoA 43 Mt ( ERFR7HT) 6 56 A A 8] 3 A W B 95 45 0 E/‘J*H{u‘l‘i, H 4G
PERMANOVA HESH0K 50 0 MR AL RIS A W VR 2540 25 2 5 8 3 5 [ FH OUAR 3T ( Redundancy Analysis,
RDA) 43#7 pH {6 \EC .SOM TP AP TN \TK F1 5 pgqC .phoD H K AR V& B Sk ; 1 F] Spearman AH M43
BT 8 paqgC phoD F R I 55 40 TR 1 v -5 R 5% IR 1 22 [] B9 4 S 1 A0 408 2 k5 ol D BB ML AR PR 78 ( Random
Forest) 7315 W 7 pqqC . phoD FE DX 1 40 TR B 5 19 G BEBR Bl A+ i ] Origin 2021 Fil R (v4.4.3) [ vegan
random Forest fIX} iRZE IRIEI T VER .

2 HRE5S

2.1 AW BIC AT AR T A AL B MV £ A HRAb I I A R I

AN[EV AR PEXTER + A B R AN SR 1 BTas . 5 CK ARG, SRt in A= 49 o L S A= 0 e Bk A5 i ek e A Atk
PRARLREAR T #h 09 pH (E AR B 8T 748 b L HEAHLET &0 A3 2R &Moo, MR BR8N
Wy MK TS k7 AR > Bt fin A= 9 7 > CK

5 CK #HH, AE W BEA TR TR AR + pH FEME T 0.26—1.89, EC M 2.01dS/m f& % 0.77—1.97dS/m,
At AL 2 AR 2R e e, Hd, DAY ALY 28.73%—83.75% , A
TG 31.919%—539.12% , Y12 CH $2 FHROCR i R THEF D 3.38%—9.21% , $& THEUR N 788>
SHT>WJ>CH>WGG>JS>YS>KL, KL WJ SHT.YS JS \WGG .ZSS .CH #bFR i 4l & 1 & 18 T, /0wl TH T
76.92% 29.44% 148.57% .37.33% . 137.66% . 134.52% . 63.26% . 138.05% ; F R W $2 T+ 43 5 4 71.22% .
26.66% .140.55% 32.90% 117.22% ,121.66% .59.03% .132.17% , 3T+ SR K SHT>CH>WGG>JS>KL>ZSS>YS
>WJ, fEEh+ 35505 &7 L, CH SHT $& F- 85U R B

1 AELEx MRS EEEROZME

Table 1 Effects of different treatments on physical and chemical properties of intertidal saline soil

LR LA PR e AR &R ol
i pH {8 Electrical Soil organic Total Available Total Total
Saline soil pH value conductivity/ matter/ phosphorus/ phosphorus/ nitrogen/ potassium/

(dS/m) (g/ke) (g/ke) (mg/ke) (g/kg) (g/kg)
CK 8.71+0.08a 2.01£0.02a 4.95+0.05g 0.09+0.011 18.93+0.091 0.34+0.08d 9.16+0.07h
BC 8.52+0.11ab 1.94+0.01ab 5.6+0.04f 0.12+0.49h 21.5+0.33h 0.41+0.03cd 9.28+0.06g
KL 8.45+0.04abc 1.84+0.17b 8.21+0.05¢ 0.17+0.03d 33.55+0.19d 1.62+0.08b 9.47+0.08f
Wi 7.51x1.04d 1.97+0.09a 8.72+0.05b 0.12+0.02g 24.52+0.02g 0.66+0.11cd 9.84+0.08bc
SHT 7.91+0.04bed 0.77£0.03e 6.37+0.06e 0.24+0.01a 47.16+0.06a 1.35+0.23b 9.88+0.05b
YS 7.87+0.4cd 1.96+0.07a 7.14+0.27d 0.13+0.01f 26.06+0.05f 0.45+0.05¢d 9.66+0.06e
IS 7.71£0.06d 1.34+0.07d 7.31+0.11d 0.23+0.01b 45.00+0.04b 0.75£0.02¢ 9.73+0.04de
VGG 6.83+0.36e 1.62+0.05¢ 8.63+0.15b 0.22+0.02¢ 44.56+0.24c 0.58+0.07cd 9.79£0.04cd
AN 8.12+0.3abed 0.77£0.04e 8.15+0.05¢ 0.15+0.01e 30.91+0.06e 0.59+0.03cd  10+0.02a
CH 8.43+0.06abc 1.28+0.06d 9.1+0.08a 0.23+0.01b 45.16+0.07b 2.18+0.66a 9.83+0.07bc

CK: % HEZH Control group ; BC : Mt il 2£ 4 ¢ Apply biochar alone ; KL 2 ¥y 5Bk A 75 BRALFH Biochar combined with neem treatment ; WJ ; 228 i
B4 S HAAL BE Biochar combined with sapium talbiferum treatment ; SHT ; A= ¥ 5 14 LI Bk AL BE Biochar combined with pecan treatment; YS ; 4= ) #¢ 1
AR AL B Biochar combined with elm treatment ; JS : 4= #) s I6 A B AL B Biochar combined with beech tree treatment; WGG ; 4= ¥ 7 Bk A 15 #A 4b Bl
Biochar combined with sapium talbiferum treatment; ZSS : &4 5k & 1 I AZAL B Biochar combined with Metasequoia glyptostroboides treatment; CH ;£
Yy Be 1A HI AL BE Biochar combined with acacia treatment ; [5 51 AR [&] (/NG 5 1536 7 A B 8] 2% 5 1 % ( P<0.05)

http ; //www.ecologica.cn



6 JAE = 46

2.2 MR ER TR A AL B ME VR R A R G B P A S

ANTF) Ak BT AF DG TG R sE i W B 1 s . 5 CK OAH B, Bt hn A5 9 i D R HE ) B A i R TR R
Ak BT R e O R R P 2 S B R, BC 2L ol R T A PR S 0 4 0 R T T 11.51% ,39.59% , 4
P 1 KA T e 7 A A PHR A e R Tt R A T2 T 05 1 o3 | B - T 37.50%—173.53% ,77.38%—237.59% , M,
SHT , CH Ab 351H5: - Bl 1 ol i it 1AL 2 Gl 06 PR 20 580, 0 80 T 192.66% ,203.03% A4 ¢ 55T 6 7 A Y 156
A FHLXCT B A 8 R TR R TS 1 () B TR I 3 o T B A= P i Ab B 3k R B R TR A 5 | I 2
5T AR OGS A SRR E PR OGRS M i S VR A7 76 B B A0

cc,o 40 - 1.25 -
S a
3 b ] o £ 2
2" — c 4‘5 1.00 b —tI)— ER
5 30 —— _g_ _E I
ﬁ E/ ﬁ ‘Cl) C
ey e = —3
o=t 0.75 d
- £ H 25 +
[0 =
=2 |, ° EEZ 00| _[f_
< Q
2 s
o) 172
£ 10 £ 025
=
5} =%}
£
=
= 9 0
< CK BC KL WIJ SHT YS JS WGGZSS CH CK BC KL WIJ SHT YS JS WGGZSS CH
Kb P Treatment

Bl1 EGE S+ i B R R AR A R I
Fig.1 Effects of different treatments on alkaline phosphatase and phytase activities in intertidal saline soil
CK ;% HREH ; BC ; M A= M55 KL AR I 5 Ak 5 WO A= ARIBE & S A AL 5 SHIT . A W R TR A L AR AR 3B 5 Y'S . A W A TR 5 A A Atk
B JS A RIS RER AL s WGG A A IB A SO AFRL B 7SS AR IR IR P I AZ AR B CHL: AR W AR I 45 R RRAL B s R T 9 /N5 <7 g 37 b 21
[ 2% 57 {8 3 ( P<0.05)

2.3 HEYIRECE T ER TR AU T XS MEVR B 1 H % pagC F phoD FE PR 40 B =F B I V& FRRAIE A8 52 1)
231 ARG T ERTR AR pggC F phoD FE K = BE Y 52

i 2 Fros , Bt n A 4 e DA S A e R it R A R B AR T T I T RELR R 1 pggC F phoD )5
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Fig.6 Physical and chemical properties of intertidal saline soil and redundancy analysis, correlation analysis and random forest model of
bacterial communities containing pggC and phoD genes
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Fig.7 The “biochar-microbe-plant” ternal interaction model of biochar collaboration with salt-tolerant trees
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