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Genome sequence analysis of phosphorus metabolism
pathways of Microcystis aeruginosa Chao 1910 isolated from
Chaohu Lake

JI Xinye, YU Rongcheng, DU Kang, ZHOU Congzhao', LI Xu"

School of Life Sciences, Division of Life Sciences and Medicine, University of Science and Technology of China,
Hefei 230027, Anhui, China

Abstract: [Background] Microcystis aeruginosa is ubiquitous in temperate lakes and has
aroused wide concern since it is a dominant bloom-forming cyanobacterium capable of
producing microcystins. [Objective] To elucidate the central metabolic pathways and the
efficient phosphorus-utilizing mechanism in M. aeruginosa Chao 1910 (termed Chao 1910 for
short) isolated from Chaohu Lake based on the whole-genome sequence analysis and
transcription verification. [Methods] The whole genome sequence was obtained by the
third-generation sequencing technique, and the genes encoding the central metabolic pathways,
especially the phosphorus metabolic pathways, were annotated. [Results] Chao 1910 had the
closest phylogenetic relationship with M. aeruginosa NIES-843 among the Microcystis strains
with known full-length genome sequences. The genes involved in the metabolic pathways such
as glycolysis, pentose phosphate pathway, and nucleotide synthesis were highly conserved in
Chao 1910. The genome of Chao 1910 encoded the complete pathways of phosphate transport,
phosphate absorption, polyphosphate synthesis/decomposition, and other efficient phosphorus
utilization pathways. Unlike other strains of M. aeruginosa, Chao 1910 did not possess the gene
cluster for microcystin synthesis, which indicated that it relied on efficient phosphorus
utilization to gain the competitive advantage. [Conclusion] Chao 1910 is the first M.
aeruginosa strain with completed sequencing of the whole genome isolated from Chaohu Lake.
It helps us to reveal the molecular mechanism of competitive advantage for the bloom-forming
cyanobacteria in Chaohu Lake.

Keywords: Chaohu Lake; Microcystis aeruginosa Chao 1910; whole-genome analysis; phosphorus
metabolic pathway analysis
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YRR S A A RE s i e R
S HA R GAE =il se e AR K i ge 1Y,
RESETETTAR Y b IR B B A I8 5 33 A IR BE A 2R
K& T ERBIKE ALK AR NP X g ol
T B 1 Ry 22 Kl g R A i At T
XHFo

BRI E T RIRK I Z — A — oK
WA, SZ XA &3 Uk e 2, )L
AWM B IR 1B, EAR A i X
IR B N AW, (B2 2012-2018 4] X 4=
SHEEIR TN, REWIARESE . SR, K
AT R R i LA 2 TR
i LR T (Microcystis  aeruginosa) & HL i /K 4E
e s b g —Fh, RRE ™ A A e i o e
5 2 (microcystin) ifif “ 5. 44 W 2Pl K B K
WP, ZRJZ KA b A i O 23 R B R
AR = R i R i e e T B A TR AR PR B
RO v R R R R R IR R G L e KR
BTl 1) Bt 2 T (PR 1/ ) 2 0 MR8 L) 22 SR Wl
fia+h e o AR AR B i 2 Rl 7, BT AR
BLIK A ), AR A A ek 2 S A AR A
SR SR, T N E = H
il = RN AL A E T B, i e i e e ORI
B IR 0 A T WL AR A LB — B R B B . 4
ZEHAT, NCBI ZENAKHRF R T 11 &
T ) A BRI B A5 S, Horh 8 B A 4k
Pene, (A 1 Mok AT E,

ABIF 5T 2N S 00 B ARAT T — AR ) i
T e, Ry A 44 O R S L B (Microcystis
aeruginosa) Chao 1910, 315 Chao 1910 )43
HAAEHR G, AT T HREKE . IK
G WG B LA B rb B A R A 3
FEDH, FERE SRoKOF SR T BB S5 X i = 3L
W ISAE G R 22K 1520 . Chao 1910 #EdR A 8
T R S B A SR DR 2L ) A S P R B i A

REWS 5 WY FATT0E— 20 1 fifk SR 00 v 0 S ol 20 o v
RO WS SR 73T PR AR LR, 8 S0
B AR B BEA UK .

1 S

1.1 ##

il 43 AR BE Chao 1910 T 2019 4F 10 H 4055
B BB T, MIIIKRE PPkt il
PRIV SRR , e ATRERF7E BG11+0.15 pg/L
VB, PGSR BUBETRTE & 1.5%EE A8 20 pmol/L
TES[N-— (5% H 58 H 36-2-2 3 2 TR |19 BGl1
pH 8.45 AR I Beh e AR AIL, w2 A5 3
—PREE R EE . 2T AT, Al R W — bk
BT R L R R R A 44 Dy A A 9
(Microcystis aeruginosa) Chao 1910, BEAEE; R4
8 : BG11 ¥5 5, Ji R (30+1) °C, pH 7.0,
120 r/min, YGPRGREE 2 000 Ix, YEHEFEAM N 12 h
SeR L 12 h B,

SEEAG e 5 1Y, A T AR TR (i) By
AP/ ] ; Eastep™ i RNA $#2BURH &, HifE
KEZREED) A BRAF] s SYBR qPCR i
5 &, Biosharp /A F]; S % st 7 & PrimeScript
RT Reagent Kit, 5 HEAYHARALT)ARA
Al JERIEFRAERRIR, TRMEESRS L A IRA ]
FiFFR{%, Molecular Devices 23 ) ; qPCR Y, h
HAEM RGN A, PCR 1Y, Biometra A F]; #
.OML, Eppendorf 24w MG WLEIT, B
o R A BR A W

A S F PH R R R L R A
BG11, &% CHk[26]RCH
1.2 7
121 EFBAZTHENFSHE

B ODggo 2974 0.8 Y Chao 1910 % 3 L,
20 °C. 2000 r/min Z5F T &5.0> 5 min, FAAFER
DLvE, [ 1xPBS (BERREhZZ npik)IEVE 3 Ik, 3+
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2% BIERA, BRI AR A Y2 A0 20 min,
Tk T ik B KA s i R ARG B T E
s B} 5 8

i id Pacbio 55 =P % Chao 1910
B L R A AT e A pF A, (] Pacbio ‘H 543
Br % f SMRT Link (V6.0.0.47841) H #F 1Y
HGAP4 i B 73R 4H de novo ZH2%%,
ZATRRE R A FE A 58 R F 91 o B3R AR R
HAED S AR PR ST A F 58
1.2.2 ERFEFTRE

% F NCBI prokaryotic genome annotation
pipeline (PGAP)X 4= 1 K 2 4 T3 [RASTRY S0, 4R
I PRI R 1) (o7 2 {5 R 6 7 9 4 L P
ACIHE BB H 4 KEGG automatic annotation
server, FERALETEf FH CGview 2150,
123 RFELZBERRIME

M NCBI () GenBank %4}/ T %k 16S rRNA
FEH P4 J PhoX M FEIRIF S, i
MEGA 11.0 #f H 7 i) MUSCL #4781 Huxt
ARG 53 S EAF BE th H A A (bootstrap)
1000 RELZKM, AP LM ERGE L BWE,
124 FEEXFREF=IMHE DD

KA antiSMASH 6.0 4, 4561 BAF B il
Il Chao 1910 Hr R AEACH = H 3 R #EP
1.2.5 i M BT 4 [X 4 T )

k M OfE % ®W ¥ fF PHASTER
(http://phaster.ca/), 454 1 BAF BA4 & Al GEAY A
I T A DX 3
1.2.6 BB

BB G H9 Chao 1910 JEPR 4 % 4E 5 %
KEGG T o AR i 5 , 4 2 3 PR AL H O A R
AR AT AR OC I & T, /34T Chao 1910
A A 2
1.2.7 #ABSRIE

1) H2ri# 3R Chao 1910 Hi 3%

B ODgso 2970 0.8 HIHEW 100 mL, 2 000xg

S0 5 min, FITCHERY BG11 1535 Bk (1l 145
JEJR Bt i () KC1 AR Ko HPOL )T VEAML 3 1K,
3 M FH OB AIE 5 O 1G FR AL B R, 156 ARH
ARG IRk

2) MLk EE Chao 1910 A K HEIIE

Chao 1910 FYAE KB LAM4% K a B 22 1L
J e, R FH PR S AR BRI 52 4 28 a 1 iYL
I mL ¥, 4°C. 15000xg &.0> 5 min, 7EVIHE
A 1 mL FBE, 4 °CBEEAER 2 he 4M5I7E
665 nm 1 720 nm AL E _E 3 H W OEEE

3) HILEHAETE Chao 1910 Bk il B B 15
e

B e R IS P 0 2 SR T I B 1, e
FHX i BE 2 PR — BN #h (p-nitrophenyl phosphate,
disodium, hexahydrate, p-NPP) R JiE4), TEB
R W R AR AR B B X i R R
(p-nitrophenol, p-NP), i1 )z 1 FAE G P i i if
WEER, B 500 pL @, A 1 mL SN
[0.2 mol/L Tris-HCI (pH 8.5), 2 mmol/L MgCl,,
3.6 mmol/L p-NPP], 37 °C 7K¥ 30 min, 4 °C.

10 000xg E.L> 5 min, HU FIE7E 410 nm 200K
JCEEMA

4) Hi%E MR Chao 1910 & RNA 21X

B 15 mL 3, 4°C. 2000xg 5048 &0
5 min, FVRARATBERDTIE o o % 22 46 6
RNA $EBGAF] Sl RNA, BHE 6
il o RNA (Bt PR RS, B sl 6 i B
F155] cDNA,

5) sk FEEE Chao 1910 B ISR & LA
B SR E

S RIEH Sec HAFEIEE AP (part of
Sec protein translocase complex)Xf i & [& secd {F
JyNZEI, RT-qPCR 51¥f5 B L% 1. RT-qPCR
SV EAE: 95 °C 10 ming 95°C 15s, 60°C 1 min,
40 MIEH; 95°C 15s, 60°C 1 min, 95 °C 15 min
S5 ZE . RT-gPCR JW A Z : 2xSYBR Green

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



TS SR R P BE Chao 1910 (1 5: R 2H 2= AR B S 2 BT 1495

£1 KHAEEPCRIIMER

Table 1 The primers of RT-qPCR
Primer  Primer sequence (5'—3’) Length of
name product (bp)

ppx-F TTCTAGCCGGTTCGATCGTG 175

ppx-R TTCAAAACACTGCGCTGACG 175
secA-F  TGGATTGACCGGAAAAGGGG 192
secA-R CCGAGTTCGCTGTTAGTGGT 192

ppk-F GCAGGTTTTCCCCCGTTTTC 165

ppk-R CGCGTCACCCGAAAAGGATA 165
pstS-F CTTCCGATGTGGCCATGAGT 173
pstS-R CCAACGGGTAATCGTGCCTA 173
phoX-F  CTTGGTTAGGGCGTTTTCGC 187
phoX-R ~ GCCCCGTAGAGCATTCCTTT 187

ppx-F RiZFEERDOEE R PCR IEM 5149, ppx-R HEER
15 B PCR I 1514, T 1A
ppx-F was the forward primer of RT-qPCR for this gene,

ppx-R was the reverse primer of real-time RT-qPCR for this
gene. The same below.

qPCR Mix 25 pL, 1E. JIA51#1(10 pmol/L)4%
1 uL, cDNA (1 ng/pL) 1 pL, 50xROX Reference
Dye 1 uL, RNase free ddH,0 21 pL. B i
o 20k

2 BER54

2.1 $AFRETE Chao 1910 EFAHBER

=
=R

Chao 1910 HAHFFEZH 2019 4= 10 H M4
BAbETS . WP PHE, HIRRIER A MK E
15669 822 bp, GC i M 42.2% (K 1), &453#r
TN , 12 DR 2H A 5 B A 5 607 4>, tRNA
FEA 42 4, LA 5S rRNA L 16S TRNA F1 23S rRNA
FEHS 2 (K 2) ZER SRR AFIIE %
% NCBI GenBank ##i /% , %514 '5 4 CP097576.

B cps

B GC content

Microcystis aeruginosa Chaol910
5669 822 bp
GC content 42.2%

1 $RAFEE Chao 1910 £ EHEE
M GC &
Figure 1

HRANE R FE AL S B L B AR, Hi A i B0 531 B DR 5

The complete genome map of Microcystis aeruginosa Chao 1910. The outermost circle is the

location coordinate of the genome sequence, from the outside to the inside are the distribution of gene

information and the GC content.
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2 AGHES Chao 1910 B E F LB 1R

Table 2 Genome statistics of Microcystis
aeruginosa Chao 1910

Attribute Value
Chromosome size (bp) 5669 822
Plasmid numbers 1

GC content (%) 42.2
Total number of CDs 5659
Number of CDSs (with protein) 5607
Number of 5S rRNAs 2
Number of 16S rRNAs 2
Number of 23S rRNAs 2
Number of tRNAs 42
Number of ncRNAs

CRISPR arrays

2.2 $EFHETE Chao 1910 RER B O

HAj, NCBI A 11 bREASERA
PR AT, BETX 11 BRI IE I Chao 1910
) 16S rRNA FEHJFHIHXTZER, FRATME T

Chao 1910 M RG K EW (K 2). DR ER, 12 F
AR RE T 2 DB BaE %, Chao 1910
5 A 7 MRS BN TR — R B R4 3, Hrp
558 8 H A 8 IR K 0 4R g% 5
NIES-843 HJEL KRR
2.3 {ARMEE Chao 1910 XK R4
AR EE S

2 antiSMASH fiijll, FRAT7E Chao 1910 &
PREH PR BT 10 DUEACH Wy Bk R R (R
3). Mo, 7E W B b % R AR R R G
(polyketide synthase, PKS)FIEAZ B4 Z IKE AL
fiff(non-ribosomal peptide synthase, NRPS)J& [K 7%
A 4 FIA 6 DL AT BR300 2 Sk
(terpene) . ZRAZM IR G LI B 16 I 18 1 1 KK
(RiPP-like) Fl % # 2% (cyanobactin) 554 & W I &
B 3).

@ Microcystis aeruginosa Chao1910 (CP097576.1)
Microcystis aeruginosa NIES-843 (AP009552.1)
Microcystis aeruginosa PCC 7806SL (CP020771.1)
Microcystis aeruginosa NIES-298 (CP046058.1)

I Microcystis sp.MC19 (CP020664.1)

Microcystis aeruginosa NIES-2549 (CP011304.1)
73| Microcystis aeruginosa NIES-2481 (CP012375.1)
Microcystis viridis NIES-102 (AP019314.1)
Microcystis aeruginosa NIES-88 (AP024565.1)

0.20

Too | Microcystis aeruginosa FD4 (CP046973.1)
96\-‘_‘ Microcystis panniformis FACHB-1757 (CP011339.1)
86 | Microcystis aeruginosa FACHB-905 (CP089094.1)

2 ETHEE Chao 1910 16S rRNA EEFIMEMAZRER 5 HECT WKL
GenBank 5855 70 30ni FROECT O A JRAE, AR SCES R T (5 R 5 BB AY HL9 RO AL BE B4R R,
PR AR SRR R B R B e 41 22 57

Figure 2 Phylogenetic tree of based on Microcystis Chao 1910 16S rRNA gene sequence. The numbers in
parentheses are the GenBank accession number of genome; The numbers at the branch points are bootstrap

values and represent the credibility of the branch; The scale bar at the bottom is the evolutionary distance scale
and the numbers on the scale represent the sequence divergence.

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



TR S S R FETE Chao 1910 [#) 35 PR 40 22 AN A L gt 2% 4 i 1497

R 10 DWBAB WL R, dR S
(X35 3 1 6), Spliceotide (IX4m 5). Proteusin &
RiPP-like (X3 8 il 10)iX 5 LN AR BEED
A Wy U DA 1 504k 1 rh 4 R 2
LHEAR o HoAL 5 A FE DA AR A BE -l B AR B BAIR
AP A R . o, DXl 1 A R A
578 BRBE 152 1 nostophycin & 8k BRI AR
PER 18%; DXI 2 (R PRI 5 At/ N B A v v h
calicheamicin & 83 R FERIAHAAYE Ry 5%; X I
4 WEEH %5 M EE B PCC 7005 H piricyclamide
A SRR ARAME S 33%; X3k 7 AR
Y Salinispora arenicola CNR107 H1 BE-43547A1
A IR AU R 13%; Xk 9 IR
55 K-139 H micropeptin K139 & il & K 7%
PIAHRIPE S 37%. Ak, antiSMASH Tl 25 R
7R, Chao 1910 FE[FIZH Hr /M B 1 G i
P A 72 (mey)

24 SREMETE Chao 1910 HIREE KX IS

R T 200 TR TR 2 v A I TR R R A B R R
AT DT, 28950, Chao 1910 H#& 4 4 A~A]
2T A S N T s o I o O P 25 <
1213265— 1218 544 X4, 2 151 5832 161 061
X B . 2 628 1182 635 167 X I #0

4 367 789-4 376 745 IX Mg . H 7
4 367 789—4 376 745 X Ik A] 3 A B /D R R
REEREE 1, FEST A0 2 A XIS R B T W e s
PRAEARLER 11, Tl i A5k Ayl 25, 11 340 hy B e -2,
PR REAR AR AR 1

1E 4 367 789-4 376 745 Xirh, A WiBtkE
D51 T g Bt 1) 220 5 R 7 9] 5 2 96T T I TR A
BCD7 Ht[a]l—~ i 2 AN [A] X B AR R 55 5
H # . Chao 1910 H M8120 21825 Al
M8120 21825 LK fFrgmih /¥ 515 BCD7 fRAHE
#7E F(YP_007005944.1) (1) 24 H& B2 )7 51 A1 A0
4390k 28.68%F11 36.22%.

AR, 2 151 583-2 161 061 [X e 55w iA
PaV-LD A 2 MHMLIA B : Chao 1910 HiYy
M8120_10810 K&K gy 7 51 5 W A& PaV-LD
H i type 11 toxin-antitoxin system HicA family
toxin (YP_004957304.1)& LR FH A 46.15%H
ARRIME s M8120 10820 A& X Al 4 5 J¢ 47 5 Wi i
& PaV-LD H'fY type II toxin-antitoxin system
HicB family antitoxin (YP_004957303.1)% LR
FEHAT 41.27%AHM: . 2 628 118-2 635 167
XA g M8120 13120 K&K F gt 41 15 i 4
BREEMEFEIAR P-SSM2 R EARER F1(YP_214410.1)
A 36.73%H Z IR T AN AR

x3 AEMETE Chao 1910 XE RGP =& RERE
Table 3 Secondary metabolite synthesis gene clusters in Microcystis aeruginosa Chao 1910

The region No. The product types Initial location of the Terminal location of the ~ Most similar Similarity

region in nucleotides region in nucleotides known cluster (%)
Region 1 hglE-KS, NRPS, T1PKS 764 865 821 772 Nostophycin 18
Region 2 T1PKS, terpene 1039313 1 084 488 Calicheamicin 5
Region 3 Terpene 1261472 1281 481 - -
Region 4 Cyanobactin 1 403 700 1 424 408 Piricyclamide 33
Region 5 Spliceotide 1 490 238 1513521 - -
Region 6 Terpene 1712 080 1733 987 - -
Region 7 T1PKS 1785164 1 829 063 BE-43547A1 13
Region 8 Proteusin, RiPP-like 2346 177 2370997 - -
Region 9 NRPS 4861 711 4917570 Micropeptin K139 37
Region 10 Lanthipeptide-class-v 5482 637 5524934 - -
—: Not be predicted.
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2.5 $AGHHIEE Chao 1910 I OERR ISTE EE

WA HE A RO R AR AR T B R A B
S EARBERR L | IR SRR RGP IR A5 20
(Kl 3).

TE = RIRIGI g, FATHRE T 3R
T8 5t S i (succinate-semialdehyde dehydrogenase,
SSADH)JE[A, Bfl Chao 1910 ¥Rk R] GE H A B 5%
HRR T AL N BRHNRR A fE 110 (HRFRAT R
REE B IR AR EUE TEME ol — R A iR
FABLAHES A 1Y o 1% R it AU (2-oxoglutarate
dehydrogenase, 2-OGDC). ZEALLAYIE &0 2 IR AE

g:sﬁé Glucose

Unbranched  GlgA3 Glk l’: ATP
glycogen <4——— ADP-glucose v ADPY ¢
Glucose-6-P —2% 5 6-P-gluconate

Uigx‘ﬁm B o - NADP* NADPH
GIgX2 ¥ 5 Gigpi™y GlgC ﬁ;n 19.{11

Gnd
iR

PE 725 QR B SN R S L N TR SR N
BUHENNZ& A i) 2-0GDC B S AEAE, JRse
ARSI A5 I R B IR EE P Y S B EL R G
fi 5 2-0GDC HA MM RER, 3T LU 145
FATHEEREE PCC 7002 FEtkHH 89 2 BEFLER S K
fifi 5L K (SynPCC7002_A2770) 1 45 )% 51 5 Chao
1910 BEPR 20 i g i i i A 2 126D 7 47 LUk
& Bl M8120 25735 it N BT 4w ¥ 41 5
SynPCC7002_A2770 Jy S AHBLEE ik 77.3%. K
ATERHEHED M8120 25735 KL i idh i) 2 P 7E
Chao 1910 H A RBEFE T 24l 2-OGDC M HfE.

» Ribulose-5-P —F 5 Ribulose-1,5-P

NADP* NADPH A X ATP ADP
Rpe \RpiA
Ribose-5-P  Ribose-5-P
T
Fbpl 5 Sedoheptulose-7-P  Glyceraldehyde-3-P ADP Hiiwiose {55

Branched  GlgP2 Glucose-1-P Fructose-6-P
lyco; — AT
glycogen Fbpl All’Pfk
F}bpz I‘GAIJ’JP
tose-1,6-
Tuclogs Scdo]lcptuﬁ:-'ﬂ'-P (_.Tal COs—
Glycerone-P _ b b < ATP
oo a Glycerone-P - —— Erythrose-4-P  Fructose-6-P Prk -0,
Tpi AGlyceraldehyde 3P % - — = Glycerate-3-F
NAD(P)' s« Gapl}— NAD* ™ Tpi Rpe
NAD(P)H—]Gap2 ¥~ NADH Xylulose-5-P <———=——> Ribulose-5-P Glycolate-2-P
Glycerate-1,3-P Glycerone-P <
—ADP Fba I: bpl
ADP r Pgk Fructose-1,6-P Fbp2
ATP = ATP <
Glycerate-3-P < Glycerate-3-P Glycolate-2-P
5 opm TGlyK ngp
Glycerate-2-P Glycerate Glycolate
? T‘L Tsr
v Eno NAD* < ™ Tartonic
Phosphocnolpy%agc NADH —17 Ddh Semiﬁ]deh{dﬂ GldD
— ) -
ppst [ it Gl ™~
¥ ATP Pyk2 3-hydroxypruv !
Pyruvate -hydroxypruvate _Glyuxylaltf
Tl ~ NAD', CoA, PdhA PdhC & lt--**‘ GEIK"'”'M‘&‘C
PFOR | $~+ NADH, CO, PdhD PdhB i g . Oxoglutarate
Acetyl-CoA L-serine Glycine
GItA
Oxaloacetate Citral Shm 3,10-methylene
NADH thrate -tetrahydrofolate  /GevH
NAD' 7'CitH AcnB GevP
Pyruvate ME Malate ¢ GevT
Isocitrate Tetrahydrofolate GevL
NADPH, NADPY. T NAD'
o, FumC led \
‘ Fumarate NADIL, CO, ~— 2
SdhA a-ketoglutarate NAD' NADH
SdhB
Succinate /Z'DGDC
SV ‘\S;:gu semialdehyde
SSADH '
Succinyl-CoA NADP}PAI)I)

3 {HERHHEE Chao 1910 PR IR T @ESE  FHIEAR AU AR B L2 09 AR W05 0 8% 70 30l 214
FNE @k B, AR . JEMPIGRTE . RIRSTIRIR AN =R IR R 73 b 4 . 1B, 5560
FREE K TR, BRI K SRICHIBERRER SN, s 1 8 S i A1

Figure 3  Central carbon metabolism in Microcystis aeruginosa Chao 1910. The glycolysis and gluconeogenesis
are shown with red and blue arrows, respectively. The oxidative phosphorylation pathway, photorespiration,

Calvin cycle and tricarboxylic acid cycle are indicated by olive green, orange, purple and black arrows
respectively. In addition to protons, water, oxygen and inorganic phosphates, cofactors in each reaction are shown.
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Figure 4 Nucleotide synthesis pathways in Microcystis aeruginosa Chao 1910. The red arrow connects to the

purine synthesis pathway, and the blue arrow connects

to the pyrimidine synthesis pathway. In addition to

protons, water, oxygen and inorganic phosphates, cofactors in each reaction are shown.
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Figure 5 The synthesis pathway of lipopolysaccharide precursors in Microcystis aeruginosa Chao 1910. The
compounds highlighted in green are substrates for biosynthesis of LPS, while the unannotated proteins of

Microcystis aeruginosa Chao 1910 are shown in red. In addition to protons, water, oxygen and inorganic
phosphates, cofactors in each reaction are shown.
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Figure 6 Partial synthesis pathway of peptidoglycan and lipopolysaccharide in Microcystis aeruginosa Chao
1910. In addition to protons, water, oxygen and inorganic phosphates, cofactors in each reaction are shown.
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Figure 7 Metabolic pathway and related genes of adapting to external phosphorate content in Microcystis
aeruginosa Chao 1910. A: Genes associated with the high affinity inorganic phosphate transport system and
their corresponding numbers. B: Genes related to the synthesis and decomposition of polyphosphate and their
corresponding numbers. C: Two-component system genes for phosphate sensing, regulation and their
corresponding numbers. D: The regulatory pathways and related proteins of Chao 1910 in response to
phosphate deficiency. The numbers of genes encoding the proteins are indicated in parentheses. E: The

regulatory pathways and related proteins of Chao 1910 when phosphate content is sufficient. The numbers of
genes encoding proteins are indicated in parentheses.
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2SR IR one-way ANOVA. *: P<0.05; **: P<0.01; ***; P<0.001; ****. P<0.000 1. F[H]
Figure 8 Microcystis aeruginosa Chao 1910 PhoX phylogenetic analysis and validation. A: Neighbor-joining
phylogenetic tree of Chao 1910 and other different cyanobacteria based on PhoX amino acid sequence. The
numbers in parentheses are the GenBank accession number of PhoX sequence. The numbers at the branch
points are bootstrap values and represent the credibility of the branch. The scale bar at the bottom is the
evolutionary distance scale and the numbers on the scale represent the sequence divergence. The function of
PhoX protein shown in red box has been proved. B: Changes in alkaline phosphatase activity of Chao 1910
under normal culture, non-phosphate culture and phosphate supplementation culture after 6 days of phosphate
deficiency. C: Changes in phoX gene transcriptional levels of Chao 1910 in normal culture and non-phosphate
culture for 6 days. Each data point is the average of three independent experiments (n=3), and error bars

represent the means+SD. One-way analysis of variance (one-way ANOVA) is used for the comparison of
statistical significance. *: P<0.05; **: P<0.01; ***: P<0.001; ****. P<(0.000 1. The same below.
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Figure 9

Physiological and gene transcription changes in Microcystis aeruginosa Chao 1910 under

phosphorus stress. A: Changes in chlorophyll a content and growth rate of Chao 1910 under normal culture,
non-phosphate culture and phosphate supplementation culture after 6 days of phosphate deficiency. B: Changes
in ppk, ppx and pstS gene transcriptional levels of Chao 1910 in normal culture and phosphate supplementation

culture after 6 days of phosphate deficiency.
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