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Isolation and phosphorus-solubilizing mechanism of
Achromobacter xylosoxidans in the rhizosphere of Moso bamboo

XIANG Chunzhu, FANG Cuilian, TIAN Jiayi, ZHANG Qing, L1 Quan, SONG Xinzhang,
CAO Tingting”

Bamboo Industry Institute, Zhejiang A&F University, State Key Laboratory of Subtropical Silviculture, Hangzhou,
Zhejiang, China

Abstract: [Objective] To isolate the strain for solubilizing both inorganic and organic phosphorus
(P) from the rhizosphere of Moso bamboo (Phyllostachys edulis) and mine the related genes, laying
a foundation for activating the soil P pool and improving P bioavailability by P-solubilizing
microorganisms (PSM). [Methods] High-throughput screening was employed to isolate PSM
strains from the rhizosphere of Moso bamboo, an important economic plant in subtropical regions.
The P-solubilizing activities of the strain under various carbon sources and soil P levels were
investigated by microplate culture and soil inoculation experiments, respectively. The genes
involved in P solubilizing of the strain were mined by whole-genome sequencing. [Results] The
strain zafu-3 (Achromobacter xylosoxidans) capable of solubilizing P via multiple pathways was
isolated from the rhizosphere of Moso bamboo. The strain solubilized Caz(PO,),, FEPO4, AIPO,,
lecithin, and calcium phytate by using four carbon sources such as glucose and citric acid, with the
highest P-solubilizing activity of 32.75 mg/(L-d). Compared with the control group, the zafu-3
inoculation group showed increases of 4.21%-33.88% and 13.54%-112.06% in activities of acid
phosphatase and alkaline phosphatase, respectively. In the high P-level soil, inoculation of the
strain decreased the soil pH by 0.04 and increased the available P content by 16.32%. The whole
genome of strain zafu-3 contained 35 genes encoding phosphohydrolases and 53 genes involved in
organic acid metabolisms. Furthermore, strain zafu-3 carried the genes associated with the
production of indole-3-acetic acid and siderophores, and the degradation of lignin. [Conclusion]
Strain zafu-3 directly solubilized inorganic and organic P by secreting diverse organic acids and
phosphatases, and indirectly activated soil P pools by promoting plant growth. These findings
provide an important microbial resource and theoretical foundation for the development of
multifunctional biofertilizers.

Keywords: Phyllostachys edulis; Achromobacter xylosoxidans;  phosphorus-solubilizing
microorganisms; soil phosphorus mobilization; genome
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1.1 FERBIL L FNRE SRR EE

TR B Hi 57 T VLA WO T I 4 X B AT AR
R A(30°14'N, 119°42'E). 1% Hi X Hb kb
W B RAE X, HEEoh B 1%, pH 4.340.1,
T 2022 4F 10 A, R BE AL & 3
20 mx20 m METT . FERETT INBEDLIZE SRS 5 PRl
FHIE(11.940.6) cm AT, WG BITHAHZHBUR
FEENL, BEERBRRI R DL RBR I LR
K+, RS E T IRRCREE T, (KR
ia 0 w7 RV AT AR A I A 25 . kA,
MiZ b X AR (low phosphorus, LP)YFEHb K HAR i
i 5 #5 (high phosphorus, HP) BT MAEHL, £ A
KT 5 ARIE RIEREAS, RS KT S
it 20 Hf, FHTERST M BT 1 w11 1k
W . LP R HP REHb + 3 B8 & i o Sl ok
(0.55+0.10) g/kg F1(0.60+0.80) g/kg, #i % & &
ToEES, ¥h(27.20£4.54) mg/kg.
1.2 IRIRRSNE DS

SR P LR 1 2 0 e 100 B B AT AR B
fEBEE . TREREIREN 3 P52 s LB 3% 5%
JE (Pikovskaya’s medium, PVK) [Caz(POy4),, PVK1;
FePO,, PVK2; AIPO,, PVK3]HI 2 fhi5s 4 il f
B 35 7% 3 (Mongina medium, MG) (5 &% i |
MG1; MRS, MG2)PSY B2, ¥ 3g iR
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1.0 Ay B {3 34 f) 1 NaCl A9 Jf & 43 503a Fl
(1%-7%, [aIf# 1%), @ 7EBE AR Z NG
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el Vi T A6 ) e R A BR 28 wl) 35 5 b 30 °C
180 r/min ¥R 15 7% 3 d Jaiie . AANEERE N2
FIXTRE, A NMh PR E 6 DNEE

Pk zafu-3 3R & TSB K353, 30 °C,
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8T DARFR 0% 5% 1) 42 A 5K ODeoo 1H M
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AR AE R I Z . BRI S 31 EE,
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KIE
1.4 ¥k zafu-3 BORERERE 1 AR 451
DA AGHE . FERE . R AT R A ik T
BF, AR 76 A i 1 R 5L TR Rl P B 1 s e
FHE P B2 (D) S PR AR ()Y LB (D/d) 91 2
FIKTE bR i RE 1 . 2 —20, BRI
AhNI% 4 FPERIRAEY PVKL, PVK2, PVK3, MG1
I MG2 MAREE TR D, RGN B PR A 9 BB
JIRFE . R E 6 NERE, DR
() 15 35 FAE 25 AU IR, TR REARHE 30 °C
180 r/min YR HEFE 3d J5, RIEHERDT W ik
SE W BRI RE 1A, BeAh, K HERREE R TR
iz i s 35 3k EPS RE R 8 d e WL i P LA
(D) B BBk B A2(d), ] DId (R EAR A &R
IR RRRE 1. SR Salkowski [t {0251 52 B Bk
A 1AA 1IfE
1.5 BE¥k zafu-3 X HIBBERAYIEL
3RS AE 121 °CK A 5 Ik, 4FYK 30 min,
FRRIAIRE 12 h, SZIRTE 300 mL AU EERE S0
AT, BAEEFRAOIMA 30 g LP 5 HP iy
+ 8. RIE, ¥ 1 mL kb T BOW A B TR
30 °C., 3000 r/min &.[> 10 min 5, SH% &L
WKEE, HHEME L, Lk E N
10° CFU/g. HJm, IMATCHI/KIRS), 4%+
B K R E H ) e R K Y 60%°), R i 4
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pHEM SR - SR Bl e 1 5 A 0 2 X5 8 (O
B A= W AR B &) I+ e P wh e il
(acid phosphatase, ACP) 1 55 1 7 2 i (alkaline
phosphatase, ALP) 7G4, K] Hedley 511 )7
) AT Sk v B8
1.6 [tk zafu-3 BIEEE BN F X 5
W H & zafu-3 #EFh Z 3 50 mL TSB Y
100 mL #EJE i, 7E 30 °C. 180 r/min JIz 7 55
F12hJ5, F30°C, 12000 r/min .0 10 min,
F v, UCERAR . Ea A0 DNA 25U &
(RERRIE) (2835 Ay s 25 B AT FRAA /)X TR
¥k zafu-3 JEATIE 241 DNA 3R, X BRI 40
DNA #7E i J5, & i ) DNA F T 25
. fdi JH Sequel Ile ] 5 1% (PacBio 72\ ) Fil
Mlumina I 7 A3 [ A 56 40 (v ) Bk 2 2 61 AT PR 2
AT R EE AN Y . K DNA 7 Bkl 29
400 bp F B, Il ISR HE GE I 25 5 Fr Boiy K
INFIAME , Z G AT Nlumina SCEEMRIAS s LA
ZH DNA A Befb M2y 10 kb 19 A Be, AR5 95
PacBio 1 W] A5 AT AR I Ah-F-, R sy 43 1) o 422 34
RFEE, % PacBio SCF . E Mlumina Il 34X
X SO A3 il R AT X (2% 150 bp), i
3 2 Y P A I s L B0 o S B BRI
KJ5, 7E PacBio Sequel Ile Y 7Y |38 i B4+
ST AR S AT S RS O, fil A fastp
v0.23.0 ERRFTRAML ., & N HHE &5,
J38 3 Unicycler v0.4.8B%%} PacBio Sequel Ile 7l
BT 4% 05 1) Nlumina My 25 R E A7 20 3%, (6
Pilon v1.22 % Hlumina I 345 21 1% 56 )7 51 24 ¢ 5]
FEHA F, JFT T UOR IR A P e aUA
FIF Glimmer F1 Prodigal v2.6.3 % 3 K 2H v i1 4
fi% ¥ %] (coding sequences, CDS) 47 Fil B2,
F1 BLASTp, Diamond, HMMER %5 %31 Fb X T
H., M KEGG %d & b Bl 1)) CDS #4751
REVERE. DL BRI 7E B SE S Y = F
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& #F 47 (http://cloud. majorbio.com)., % ¥ zafu-3
JFRe 20 2 0 i B DX 7 910 ok 5 NCBI AU 8 XoF
o, 2R LT 16S rRNA JE[R 5 51 v A
RLRE R B 1Y 20 BT, T MEGA 11.0 {4 Ko 4154
1 (neighbor joining, N & Rtk RGE L B R . F
H 7E 28 1. H. JSpeciesWS (https://jspecies. ribohost.
com/jspeciesws/#home) ' 1) ANIb £ =G OB B AR
zafu-3 5 H I % & bR 3477 A% IR — Bohk
(average nucleotide identity, ANI) FLXF .
17 Sitoth

Klls R 1] SPSS 22.0 #4744, i AR
77 254311 (one-way ANOVA) K I A [R] B J5 T 1 B
MR RE )] 22 5 . ANTRIRR IR T T R 1 At ik g
25, LA AN TRI B8 I A ST s ol T B2 o) £
geAb R, HARGEE 58 pH. ACP i
PE . ALP IEPEFIA 00 & 2, IR R/
Z{H 1% (least significant difference, LSD)#E47 i 2
73 B (2=0.05), >k H Logistic & # XF B& £ 1)
ODgoo fH Al CFU M BUH AT IR MRS . R
Origin 2024 Xt Fdim it 17 &, EIvh ir &R
R ERRIEZE .

2 ERE5H

2.1 fREAEARAI LS RIS 4FIE

MEATHPR 7 2545 2] —PEfE G ik Cag(POs), .
FePO,. AIPO,. BR Wi NEFIAEFRE5 5 Fhish I i 141
Pk zafu-3. R ATTE pH 4.0-10.0, 6% LI Y
NaCl ¥ £ 21 T AE K o bk zafu-3 7£ 6-24 h
Mg, 1595 24 h 7, Fifk ODgwo {E M 3.21,
2 1 %5 5l 3.15x10% CFU/mL, 24 h J5 T if ik
AFRE W (E 1A) . TR 1 T V% 60 R IR B (1
AW (E 1A 1), RO 2L GBI PE, 2
il & BR AT R, K/ A 1.3 umx1.8 pum (&
1A 2),

N INAS TR B R 5 R i zafu-3 7 5 Fh 5 55
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2 & a 10 20 30 50

s & 1l

= Wk b B

e 5

= 1 b

2 E{Ea%% a

< PVKI1 PVK2 PVK3 MGI MG2

Tvpe of culture medium

El Etkzafu-3MIFSSIEFHFEREBBEN. A ARKMEQ: FEES; 2. AERME TR
JEA); B: WSIIR[RIBRIE G R AEBERE 11728 1h(1: AR T AR SR BEIR Y S 1), ARG Fbk
FIRMA/ NG “FhE 53R ZH N FI4H W] & 25 22 5+ (P<0.05) .

Figure 1  The morphological and cultural characteristics and the phosphorus solubilization ability of strain zafu-3.
A: Growth curves (1: Colony morphology; 2: Cell morphology under the light microscope); B: P solubilizing
activity of strain zafu-3 cultured with different carbon sources (1: Total content of five P sources solubilized
among different carbon sources). Different lowercase letters and italic lowercase letters indicated significant
differences among groups and between different groups respectively (P<0.05).

FRIP A KA INE 1 s, LARARE . il
QIR . SRR . FRRo T W e —iIRET,
PR FRTE 5 BRI SR AL R RE A, (HHHEDL
FIH 2 RIRMFLIR o WS INALAR . REAH ol =
S5 8 MR IR IS, TR AR AR T 20 W DR 8 R L h
2R I8
2.2 Pk zafu-3 RURRIREE D SR EFHE
DA 00 . FERE . R RO R A R A Al U
B, DR B o i b 5 5L R LT b 1 7 1l
Bl (K 1), HAELIFFERR A ME—RRIE . AHERES N
M — B U 1) 15 72 56 R AR A 4, D/d=2.67+0.10
(Kl 2A), #mix 4 Fpixliifs , XTItk zafu-3 /1)
fif W e 1 A Ak — 20 i AT, A5 AR LA
ZIRE A ME— BRI, TRIRE zafu-3 X 5 APk A
MR, N 46.57 mo/(L-d), 435S LLRE
W R R R SR R M — B R Y 1.8, 2.3
3.7 A5(& 1B W 1) LA HE sl by SRR A —
WRIEIT, Bkk zafu-3 X Cag(POu), MV ik S 1

hEe A, B BE R 4 9l o 32,75 mg/(L-d) Fl
13.14 mg/(L-d). DAFERESA RS J o — B IR AT,
BRI R 0T AR TR S 1) U R AR e, W R R
12.42 mg/(L-d) F1 10.83 mg/(L-d). B B % fi#
FePO,. AIPO, Bk B REAR AT, 43 B In A7 i R
R 2 R TR 1) A i SR R, TR A )
10.99. 5.84 Fi1 1.31 mg/(L-d) (& 1B). It4k, i
Pk zafu-3 $EFITE AR M i 5 97 08 L3RR )e, HE
7% JRIE ] % 7 W 18l (4] 2B), D/d=1.37+0.04,
FEI PR AT IR TR MRE T o 1) TR B 1Y 355
FEw i A Salkowski W5, WLEEE W
WAL (B 2C), Rk zafu-3 H4& ™4 1AA
RET.
2.3 EFk zafu-3 3T HIBBE AW AYIEIE
P PR zafu-3 B2Fh 2= 38 30d 5, HAE LP
FHP - 38 rf (% %05 43 5 R 68.34 CFU/g Fil
162.72 CFU/g, £ HP 3z 5, £33 pH
{8 5 % AR L PR T 0.04, 17 LP 443 pH )L
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R1L RN ERKRGEKzafu-3E N EIRESFE ENEKER

Table 1  Growth of strain zafu-3 on the different P source media containing different carbon sources

Carbon source PVK1 PVK2 PVK3 MG1 MG2
Carbohydrate
Glucose +++* +++* ++* Fx L
Fructose +++ + - ++ ++
Sucrose ++ +* - % L
Cellulose - - + _ _
Xylan +* - - 4% S
Amino acid
Glutamate - - ++ ot 4+
Serine - - - - -
Proline ++ ++ + +++ ++
Isoleucine ++ ++ ++ ++ ++
Lysine ++ ++ +++ - ++
Organic acids
Oxalic acid +++ +++ ++ +++ ++
Malic acid + - - + _
Citric acid A+ +4* - — gx
Succinic acid +++ +++ ++ +++ 4+
Lactic acid - - - - -

—: Negative; +, ++, +++: Positive; * indicated the presence of a P-solubilizing circle on the medium.

zafu-3

E2 BEtkzafu-389MRERME. A: DIFIER IME—RRIEREMAEIRES ; B: RFIRMEM; C: IAAA,
Figure 2 The plant growth-promoting properties of strain zafu-3. A: Degradation of calcium phytate using citric
acid as the sole carbon source; B: Degradation of lignin; C: Generation of 1AA.

FORAR (B 3A). #:E 5 LP Fil HP 31 ACP
WSy B BT T 33.88% FI 4.21% (&1 3B). 7E
HP + e ALP L Jt T 13.54%, #£ LP +1Erh
ALP Pk g 3, & Al iy 2.12 i (&
3C). A A WS AL LP R AT
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7.87%, TMAE HP 133 fin 1 16.32%, {Hix4k
Z 5P E (K 3D).
2.4 K zafu-3 £ EFEHFHER KEGG
vaK il

LT 16S rRNA LA 79 R4k B W 41
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A 39 B s 2 30 D2,
[JCKzafu-3 CJCK[zafu-3 [JCK [zafu-3 2 [JCK [zafu-3
i s =
a 2 20 3 23 5 33 .
3.88 E 5 2 & g
an) ab ab = a g 20 s a a
=4 L1 . > L5 a a = 5 30 i
S 2 1.5 =
3.84 b5 5 S
S 1.0 = b < 25
& & 10t b . £
< < =
3.80 0.5 0.5 '
LP  HP LP  HP LP  HP z W 3 HP

E3 #EMEkzafu-3ERBEAS B ITIEMIEBLMR. A: pH; B: MRUEBERREHGTE; C: BPEBENR B
PE; D: ARBES R AFRVNG TR IR AN F A 32 ] /4 i 24 22 57 (P<0.05)

Figure 3 The soil physicochemical properties of LP and HP after the inoculation with strain zafu-3. A: pH;
B: ACP activity; C: ALP activity; D: Available P content. Different lowercase letters indicated significant
differences in different conditions (P<0.05).

LI R MR zafu-3 SARMESA LT @AFE  80.00%. Kb, Wtk zafu-3 A AWE A AL T EFTF
(Achromobacter xylosoxidans) £ — i JE ifa 2 i i (A. xylosoxidans).
4337 (8 4), ¥Rk zafu-3 5 GenBank H I 5% IR LR R, Fkk zafu-3 B —13F
PSR AT ANLE LEXT 0B R B0, etk R @A, KX WA T KES
H4 P55 A, xylosoxidans @ AHLL, JFFIAH 6 650 369 bp, G+C Lb ]y 67.49%, L& T
ol B ik 98.95%, 5 I fih T /N FF B B 6009 Scguf ALl . AJERAIA 6 4 KEGG —2)
(Achromobacter) MR FRUERIARIFFIAMRIE IR T 28k, L 42 5% KEGG 44 28 %

Achromobacter xylosoxidans zafu-3 (CP158973) 8909 9097 9126 9895 =

0.01 1
79| Achromobacter xylosoxidans NCTC10807" (GCA_001457475)
o5l Achromobacter dolens LMG 268407 (GCA_902859745) & BEX MR AL « BE
g Achromobacter insuavis LMG 26845" (GCA_902859645) 3 88.86 9346 =+ 9145 9147
5 i 1
Achromobacter pulmonis LMG 26696" (GCA_902859765) 4 8860 « 9278 9049 90.58
Achromobacter deleyi As-55 (GCA_013116765.2)
98 5 x  90.02 89.58 90.03 89.98

g7l | Achromobacter spanius B7 (GCA_003600685)
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Figure 4 The phylogenetic tree of strain zafu-3 based on 16S rRNA gene sequences and ANI values among
strain zafu-3 and other closely related four strains. The serial number in brackets was the GenBank accession
number of the strain. Bar indicated 0.01 nucleotide substitutions per site. The strains with comparative ANI
values horizontally corresponded to the strains of the phylogenetic tree.
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Figure 5 The KEGG pathways in strain zafu-3. Different column colors indicated the level 1 classification of
KEGG pathway; The ordinate indicated the level 2 classification of KEGG pathway; The abscissa indicated the

number of genes under the annotation of this classification.
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Table 2 Function prediction of genes involved in organic acid and organic phosphorus hydrolase secreted by
strain zafu-3

Genes KEGG Annotation EC number Gene
1D numbers

Organic acid
ilvB K01652  Acetolactate synthase I/11/111 large subunit 2.2.16 8
argD K00821  Acetylornithine/N-succinyldiaminopimelate aminotransferase 2.6.1.11;2.6.1.17 2
leuA K01649  2-isopropylmalate synthase 2.3.3.13 2
argJ K00620 Glutamate N-acetyltransferase/amino-acid N-acetyltransferase 2.3.1.35;23.1.1 1
aspB K00812  Aspartate aminotransferase 26.1.1 4
argC K00145 N-acetyl-gamma-glutamyl-phosphate reductase 1.2.1.38 2
ilvD K01687  Dihydroxy-acid dehydratase 4219 2
ilvE K00826  Branched-chain amino acid aminotransferase 2.6.1.42 2
icd K00031 Isocitrate dehydrogenase 1.1.1.42 2
ilvH K01653  Acetolactate synthase I/111 small subunit 2.2.1.6 1
ilvC K00053 Ketol-acid reductoisomerase 1.1.1.86 1
arge K01438  Acetylornithine deacetylase 3.5.1.16 4
gltA K01647  Citrate synthase 2331 4
argAB K14682  Amino-acid N-acetyltransferase 2311 1
ectB K00836 Diaminobutyrate-2-oxoglutarate transaminase 2.6.1.76 1
leuC K01703  3-isopropylmalate/(R)-1-methylmalate dehydratase small subunit 4.2.1.33;42134 2
leuD K01704  3-isopropylmalate/(R)-2-methylmalate dehydratase small subunit 4.2133;42135 2
leuB K00052  3-isopropylmalate dehydrogenase 1.1.1.85 1
asd K00133  Aspartate-semialdehyde dehydrogenase 1.21.11 1
acnA K01681  Aconitate hydratase 4213 2
lysC K00928  Aspartate kinase 2724 1
acnB K01682  Aconitate hydratase 2/2-methylisocitrate dehydratase 4.2.1.3;4.2.1.99 1
LYSN K05825  2-aminoadipate transaminase 2.6.1.- 2
argB K00930  Acetylglutamate kinase 2.7.2.8 1
ict-P K18289 CoA-transferases;succinyl-CoA:(S)-malate CoA-transferase 2.8.3.22 2
- K18292  (S)-citramalyl-CoA lyase 4.1.3.25 1

Phosphohydrolase
acyP K01512  Acylphosphate phosphohydrolase 3.6.1.7 1
ushA K11751  UDP-sugar sugarphosphohydrolase 3.1.35 1
gph K01091  2-phosphoglycolate phosphohydrolase 3.1.3.18 4
rshU_P K07315  O-phosphoserine phosphohydrolase 3.1.33 4
suhB K01092 Myo-inositol-phosphate phosphohydrolase 3.1.3.25 2
gmhB K03273  D-glycero-alpha-D-manno-heptose 1,7-bisphosphate 7-phosphohydrolase  3.1.3.82; 3.1.3.83 2
serB K01079  O-phosphoserine phosphohydrolase 3.1.33 2
mupP K22292  N-acetyl-D-muramate 6-phosphate phosphohydrolase 3.1.3.105 1
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1D numbers
rsgA K06949  Thiamine phosphate phosphohydrolase 3.1.3.100 1
phnX K05306 2-oxoethylphosphonate phosphonohydrolase 31111 1
fbp K03841 D-fructose-1,6-bisphosphate 1-phosphohydrolase 31311 1
pphA K07313  Protein-serine/threonine-phosphate phosphohydrolase 3.1.3.16 1
surg K03787  Phosphoric-monoester hydrolases;3'-ribonucleotide phosphohydrolase 3.1.35;3.1.36 1
- K07053  Nucleoside-3',5"-hisphosphate 3'-phosphohydrolase 3.1.3.97 1
cpdB K01119  3'-ribonucleotide phosphohydrolase 3.1.36 1
wzb K25307  Protein-tyrosine-phosphate phosphohydrolase 3.1.3.48 1
ipgD K13085 1-phosphatidyl-1-D-myo-inositol-4,5-bisphosphate 4-phosphohydrolase  3.1.3.78 1
bacA K06153  Ditrans, octacis-undecaprenyl-diphosphate phosphohydrolase 3.6.1.27 1
ppx-gppA KO01524  Polyphosphate phosphohydrolase 3.6.1.40;36.1.11 1
berC K19302 Ditrans, octacis-undecaprenyl-diphosphate phosphohydrolase 3.6.1.27 1
pgpA K01095 Phosphatidylglycerophosphate phosphohydrolase 3.1.3.27 1
ribBA K14652 GTP 7,8-8,9-dihydrolase (formate-releasing, phosphate-releasing) 3.5.4.25 1
fth K03106  GTP phosphohydrolase (protein-synthesis-assisting) 3.6.54 1
- K01081  5'-ribonucleotide phosphohydrolase 3.1.35 1
kdsC K03270  3-deoxy-D-manno-octulosonate-8-phosphate 8-phosphohydrolase 3.1.3.45 1
IMPL2 K18649  p-L-galactose-1-phosphate phosphohydrolase 3.1.3.15; 1

3.1.3.25; 3.1.3.93

o FEA M Al i b A AT 3 B 5 AR
R R SE I, S 2 2R TR T PR 45 R T %
3 2R [ 2 it [R] b e AL BRI A TR, RIS
A 165 NN, DS SR AR . A
Rk i . R R A SR AR B AR A
XL 5 A R A PR DI G

3 W54 #

A5 N BATHEBR 53 B9 — Mk 2 30 0 s A
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(Burkholderia) %% At 401k JC (0 FT 1 £ B 4R
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