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Mutation sites and high ectoine production mechanism of a
Halomonas mutant induced by ultraviolet radiation
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Abstract: A mutant (Go-72) of Halomonas campaniensis exhibiting high ectoine production
was obtained by ultraviolet (UV) mutagenesis. The mutation sites, molecular variations, and
high ectoine production mechanism of this mutant remain unknown. [Objective] To investigate
the mutation sites and genetic variations of Go-72 compared with the wild type strain XH26 and
identify the potential causes of ectoine accumulation outbreak. [Methods] PacBio Sequel II
was used for whole-genome sequencing, and the mutation sites in the genome of the mutant
were identified based on the sequencing results. The amino acid metabolic pathways were
analyzed to reveal the association between mutated genes and ectoine synthesis, and the results
were verified by RT-PCR. [Results] The genome of strain XH26 was 4.11 Mb, encoding
3 927 genes. Compared with strain XH26, Gy-72 showed 35 mutation sites, including 18 single
nucleotide polymorphism mutations, 14 insertion mutations, and 3 deletion mutations. The
mutated genes argF, coaBC, and livH, which encoded ornithine transcarbamylase (100.00%
similarity with ArgF proteins in NCBI database), phosphopantothenoylcysteine decarboxylase
(99.28% similarity with CoaBC proteins in NCBI database), and branched-chain amino acid
ABC transporter permease (96.27% similarity with LivH proteins in NCBI database), were
implicated in the synthesis of fumaric acid, citric acid and the absorption and transport of
branched-chain amino acids, respectively. The increased flow of upstream metabolites may be
the key reason for the sharply increased accumulation of ectoine in the mutant. RT-PCR
verified 20 genes related to the ectoine metabolic pathway, and the transcriptional expression
levels were consistent with the expected analysis. [Conclusion] The overexpression of genes
argF, coaBC, and livH enhanced the anabolic flow of ectoine, which contributed to a
significant increase in ectoine accumulation in the mutant. This finding provides a reference
point for subsequent studies on the reaction mechanisms of enzymes in the mutant and the
fermentation production.

Keywords: Halomonas; ultraviolet mutagenesis; mutation gene; comparative genomics; ectoine
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VU 20 % WE (ectoine) 2 H1 B Mg £h T 5 i £h 14
JL PN AR R B AR 5, A Sy A ) DR R AR 2
M, e T - AR . 25tk
R U, PSS IE I A R 7 DA R &
T IR 2 ¥ (L-aspartate-4-semialdehyde, ASA) NI
WIKY), % & T R ¥ A I (diaminobutyrate
transaminase, EctB). 24t T MR £ Mk FL4% il
(diaminobutyrate acetyl transferase, EctA)#IP04
WEIE 5 M (ectoine synthase, EctC) 3 2Afb G
BGPTSR, PO AR RE AT B T R AR,
Rl 2, HERER, S porEs Y. ENsk
2R 2R 0 S s e ) A2 P SRS, DA
T AR L B PO S R RE R 2R, an B Ak 2R AR |
R TR . SR TR R AU TR (/AR
) AR g XUAE TR T bR R
(Halomonas neptunia) i#f 17 4§ 4 £k (ultraviolet,
UV)FNE i ZE WA 5 57548, T e 4015 98 A8 bk
UN2, VU S0 WE )38 A I i1k 1.80 /L (32
% 53.80%) . Schiraldi % 7VF] F g L i 5K H
(Marinococcus halophilus) 17t 28 ATk RE 43t
T, DU S M IE P 5 430 1.60 /L il 3.60 g/Lo
Chen ZEPM 4K ER B TA (H. elongata) it U &,
WEIE A HE N 72 ectABC 1 2h 5 A KW T
(Escherichia coli) MG1655, 4 Z U & w4 g 5 5
AT RER, JRmEBR lysA FEPE DL 55 86 2 iR
(lysine, Lys)J A& AR, e 2 DU S0 e 119
PR 12,70 g/L (3R 16.85 1), Ma 25PN
fhEh AR TR (H. bluephagenesis) TDO1 H 3 >4
[ #% ectABC. lysC Hl asd it #ik, i@t
CRISPR/Cas9 H:[H 4 T HiBRFHE K doeA F
ectD , Py 1k DU & W5 0% [ fi% , AR A5 8 4 T bR
TD-ADEL-58, Zr#tt#MEHA= 7™ DU S E, 28 h
FEE Ik 28 g/l

TR Fi I LA Y S M E 7 5 491.19 mg/L 1)
B A= IR JE 7L BA i 7 (Halomonas campaniensis)
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XH26 JWFFEAEL, 2 258 2 HMEIR A AR R 1
IR AL AR B SR AE TR Gs-52 R Go-721""0
WL A 27 53 B BT AE AR XH26 128 78 T bk
Gg-52 (WUEMERE =& 1.51 g/L), 4% B/REHk
Gs-52 FA1E 24 A ZEAE, Hrp B orfo0723
i1 orf02403 (lipA)73 il 2825 iy y-24 55 T W% 7%
fiti(DavT)F1 NAD-BEFARR {1 i SR Blf (GabD) , 1
N D) S e I ) 7 e 1G n eT BB 5 % FAR (succinic
acid) i A AR A S L8R 1T, ZR AR BRI AR Go-72
A U S 7 e B Ry, iR E(1.93+0.01) g/L, i
Folr 5 74 FE DN 2 b5 U] 2, s W 5 ol G 38 P IR 245 36 P
PP SO DU R RERUR R R A FRRART .
R, AHF5E R PacBio Sequel 11 & ukf 71587
A TR XH26 FISEASTPE Go-72 Y4 ZH
JF, I P L A DR 201 2% 4 B D i ) 2 A8 B[R ]
REVD R (A AR %, DA DU A e FEUR (1Y)
T KGR, SR I S 5 AR TR AR ) A I A 7 RSB
At —E IS %,

P

1.1 BERAERE

B fE B PR H.
(CCTCCM 2019776M)FI4E /N AE TR #E Go-72,
BIORAF T 1 K2 B o B SR B2 2 e v o TR
PRI 55 3 (g/L, pH 8.0)!': NaCl 58.50, KCI
55.88 , MgSO47H,O 24.65 , L- 4 %4 R 4l
(monosodium glutamate monohydrate, MSQG)
6.50, FrEEREN 3.00, MEKMFMEE 7.50, JoK
CaCl, 0.20, R3S 2.00, 121 °CKTH 15 min,
1.2 EERFIFLEE

Sy M 4l NaCl, MSG . J /K CaCl, .
MgSO,7H,O. KCl., Ifg . #7 We 4 i it 7K i
MR, W RRERE AR A A R b
W, FEARMA D REA R AR . A
FEFI DNA-free™ DNA BRI &, 288 «H/R

campaniensis sp. XH26
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BHEAF]; L g, R SC e &
PR/ F] 5 SPARKeasy 2 I 5 [F 2H DNA i 42 B
A&, AR BREEAEYH AR AR A A
TransZol Up 5% 4k RNA $EEGAF &, b 24
A ) B R B 4y A5 BR 23 vl 5 PrimeScript™ RT
reagent Kit with gDNA Eraser Fll TB Green Premix
Ex Tag™ II, TaKaRa Z\).

TR IEFRREIR, B — RS A R A
Al ERGBA IR, Agilent 2w AT LG
JeRETE, RS THE R E AR A F] ;. TGrinder
8 R EHAH S S, KA R AL s)A
FRAF; HffiE A0, FELAHE]; i il
FFE-4, PacBio A H); PCR Y, Bio-Rad 2\
SEF ¢ E f PCR X, Roche A7 .
1.3 EHESZESH

AL 1%L BIHEER T 100 mL A4
Rigegk, 37°C. 180 r/min ¥53% 12 h EXHEUEK
H1(ODgoo Z1°4 1.20), T FARA L SR RV
JEAS(37 °CHi S 36 h) MAKIG RN R BB 2
1.5 mL RJEE.LEH, 8000 r/min 0> 5 min,
FE BV, FWRAE T E BEGE A 3% I [
SEW, WATIRS] , B e e, Hlas s
FEdh, WERHIRIEA
1.4 EPRE A F0 Y S0 0E N

5 AL T (ODgoo 24 1.20)44 1% 1 RN & 43
WIERE ZREIR AN (n=3), 37 °C. 180 r/min K53
60 h, FIA%E 4 h i 5E B ROEBE % (E (ODgoo) ,
4L ectoine #E1T HPLC Ef "%, HPLC
K 261 S shAH 205 /7K=80/20 (1R FREL), ik
1.0 mL/min, #:i 30 °C, K 210 nm,
Fefe 5 uL. ficJa ARG FRI A () A AL AR, ODsgoo
(B DU S5 I = A DN AR AR , 2 i TR Ak A 4 A0 DY
S i O R 2R
1.5 EEFEMNFRERS

KA LR 2H DNA 857 & 7847 DNA Hif

P&, R R BB M e v VKL AR S OB EE TG
TNFER ZH DNA FY5¢HEJE 4 (5 /2 OD,60/OD1so=
1.8-2.0, OD50/OD130=2.0-2.2)FIH & (>50 ng/uL).
Kl & 4% 09 DNA FEA AT SCPEM &, FIH
PacBio Sequel I -5 #4700 54341 , f alIHETD
FPREBAFSEM . R Gapelose #ff(v1.12)
HEAT R LR TAL B AN U4 791 22 B, 1 U8 351
K F HGAP 1 h(v4.0)4H2%E . 23 9IFF Glimmer
B 4 (v3.02) . tRNAscan-SE #k 1 (v2.0) FI
RNAmmer #4:(v1.2)#47 4% 5% mRNA | tRNA Fll
rRNA JE R FU . 38 1 F AR {48 (gene ontology,
GO) % ¥ /% (http://geneontology.org/) 1 5 #B Jk
FFEEH 4 H R4 4 (Kyoto encyclopedia of genes
and genomes, KEGG)¥{#&/% (http://www.genome.jp/
kegg/) 73 AT DRy 41 X B RETE R o
1.6 REMMSSKGBERE KK

A Mummer 84 (v4.0) 3547 FLEHE R 41 73
M, S5 HEA B A bk XH26, AifjEk 4
NRAZHIE Go-72, K Delta-filter T H.H17H
Xty , PIRISA SR G S o FIH Show-snps
Ry HE AT 4 5 4 B 1T TR £ A 1k (single
nucleotide polymorphism, SNP) il 4 A / &kt 2k
InDel) & M , I fF
ANNOVAR #/%:(v20191024)i#4F SNP #1 InDel
E R SR J5 Al NCBI-BLAST 7 4 # )7
(http://www.ncbi.nlm.nih.gov/BLAST/) kb X} 43 #T1
SR RN, 4G KEGG ZrHr 28 5L ]
5 o S A g 3 ) I
1.7 X#EERF RT-PCR &0

K RNA 2 BRG] & $2 BUR PR AL RNA
(n=3), FIFH DNA KR & LERAEATLHE A
DNA, Jfiif PCR {¢#1 NanoDrop 2000 Al
DNA ZBx. RNA 4i# (OD,0/ODa1go=1.7-2.0) Al
W FE (W FE 500—700 ng/pL). £F6 2K 1 RNA {iff
FA UG SRR 19 4 5745 81 cDNA (80 °CIR-1T)-

(insertion-deletion,
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Fi& RT-PCR G G T Skl , S iR R 20 pL:
TB W 10 pL, 1E 15 4)(10 pmol/L)45 0.8 pL,
JCHJCHEK 4.4 uL, cDNA 4 pL, RT-PCR JZ )i
A4 95 °CHAEME: 3 min; 95 °CAEME 10's, 58 °C
iRk 20s, 72 °CHEAH 30 5,45 MG, A GAPDH
VERNS LN, R 2784 5k P ] — JE R e
PR PR P RO TR K A IE S A B9 5 1T e
A TTAY) TR B A BR A A (R 1).

2 ZERE54

21 HAEEMKRMARTEHRIESESEK
FriEEb B A

A AR XH26 T8 3% (B 1A) 5 5828 T/ Bk
Go-72 BV (B IDYEAIEA—E, FHEREE . 3L
i, RBW . Bk, Hganl, (A4

PTE I EARIS A A/ TS B, PIRRE 1A
VI airik, i, WissRNE, JCHEE . B
AW PR XH26 B K /N R (1.66-5.47) pmx
(0.60—-0.77) um (& 1B); 1 RAE Rk Go-72 3%
$i, K/NHK(1.57-2.79) umx(0.76-0.99) pm ([&l
1E). WHRARKRES RN, BAERK XH26
(1) MR FR Go-72 (K 1F)YFE 4 h B HEA
BRI, B4R bR XH26 7E 16 h 24745
SRR, AR K U B AR 2212, 32 h AR
P DU I LR i T GR U 0.64 g/L; B bR
Go-72 7E 20 h A A5 G5 RO EUAE R, (H Bl 5557
B RELS , DU msIE = iR RBdrk 2, 52h
KBS 1.93 g/L. LR, R Go-72
HEAT A BT s ) B, DY SR I Y 4p 2
SEN VAR

F=1 KR EFA RT-PCR 5|4
Table 1

Fluorescent quantitative RT-PCR primers used in this study

Genes name

Primer sequences (5'—3")

Amino-acid-N-acetyltransferase (argA)
N-acetylglutamate kinase (argB)
N-acetyl-y-glutamyl-phosphate reductase (argC)
Aspartate aminotransferase (argD)
N-acetylornithine deacetylase (argE)

Ornithine transcarbamylase (argF)
Argininosuccinate synthase (argG)
Argininosuccinate lyase (argH)
Phosphopantothenoylcysteine decarboxylase (coaBC)
Pantetheine-phosphate adenylyltransferase (coaD)
Dephospho-CoA kinase (coaE)

Citrate synthase (gItA)

Malate dehydrogenase (mdh)

Branched-chain amino acid transporter (livH)
Aspartate kinase (IysC)

Aspartate-semialdehyde dehydrogenase (asd)
Diaminobutyrate acetyl transferase (ectA)
Diaminobutyrate transaminase (ectB)

Ectoine synthase (ectC)

Ectoine hydroxylase (ectD)

Housekeeping gene (GAPDH)

T T M T =9 ™ ™o ™ '™ ™9 ™ ™ ™9 ™ ™ ™9 ™™ ™™™

: CACGGTGTAGAGCTTAGCGT; R: CAGCATGTTGTGCGACTTCC
: GTGCGGTCATCTCAGGACTT; R: CTTTGTGAACGGCATGCGAG
: CTTTGACGCTGCGAGTTTCC; R: CCAGCGAATCGATGAAAGCC

GAAAGTGCGGCCATGGAAAG; R: CACTGAGCGTACTTTTGCCG

: CGTTGAAATCACCACCGAGC; R: TGAGGTGTTTCTAGCGCCTG
: CGTTAATCACAGGCACGCTG; R: AGAGCCGATTGAAGACACCG
: CGCTTAGCAATCAACGGACG; R: AGGTTGTGCTGGCGTATTCA
: CACGCTCTTCATCGGTCAGT; R: AGCCAAGCTACGAACCAGTC
: GGCGTTGGTTAGTAGGCAGT; R: AAGCGGCCCAGTTAATCTCC

: CCTATCACCAACGGCCACTT; R: TCAAGACTAGGCTGCTTGCC

: CCGAACACTTTGGCACAGAC; R: GTGCGTGATAATTGCAGCGA
: TGAGCCTGCTAAGCGTACTG; R: GTTCAGCAATCCGTGCGAAG
: GTGCTTGCCGGTTTTCTGAG; R: GCGTGTACTCGTTGTCGGTA

: ATGCCTCCTTACCGAACAGC; R: GGTGCGATTCTTACTGGCCT

: GAGGACGCTATGGAAGAAC; R: GCGATAGGACCAAGAATACG

: GAACGACAAAGACGCTACAG; R: CAACACTGAAGGCTGACAAG
: AGTCGCTGATGCTGTGGTTGG; R: ACATCAAGCGGCGGACAAG
: TGGTATTGATGTTGTCTCTGG; R: TCACTACTTCGCCGTCTTGG

: TGAAGGCGAAGGCGAAGTAG; R: GATGTTCGTCGTGCTGATCC
: CCAGAAAGCCACGATATTC; R: TGATGCACGTAAGGATTAGCG

: TCCTTCCCTAAACTCGCACCT; R: ACGATAGTAGCGTCAGCAT

P4 actamicro@im.ac.cn, 7 010-64807516
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Figure 1

Comparison of morphology and growth characteristics between wild strain XH26 and mutant strain

Go-72. A: Wild strain XH26 colony morphology. B: Microscopic morphology of wild strain XH26
bacteriophage. C: Growth and ectoine yield of wild strain XH26. D: Mutant strain Go-72 colony morphology. E:
Microscopic morphology of mutant strain Go-72 bacteriophage. F: Growth and ectoine yield of mutant strain

Go-72.

2.2 =EEREEMNFEMDHT

FIF PacBio V-5 AT A= BRI AR XH26 FlI%E
AFTRAR Go-72 FA LRI LN T, X ) & 2 ik
TrHEal (R 2). S8R E/R, WA XH26
FFRASTRIR Go-72 YA BE ARV IR 4.11 Mb
(G+C & & 52.62%) Fl 4.06 Mb (G+C & &
52.55%). BAIRE XH26 FIZEAZRRE Go-72 FERI 4L
TR i g A B DK 43 3R 3927 S Fi 3 882 A,
HAE A R m IR A 3 830 M1 3 785 4

PIRR A Y (RNA 2t 3L 15 (63 M) 1 rRNA Zfish 5
K (18 AN B AR
2.3 GO/KEGG IB5BESH

ETF GO L RBEH FE Lb XF 43 B HF A= TR Pk
XH26 FI5AS Ik Go-72 H: K B gmtith =4 , n] fig
W RS 5D T IEE L Al 4l %
(K 2A). B5RER, WPARR XH26 FIRASFH L
Go-72 HYFERIZH A MRS 2 618 AMF1 2 592 i
DR, L, AR a0 28 o g 00 35 P =
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*2 FHEEK XH26 5RTE Go-72 EEHE
BT

Table 2 Comparison genomes of wild strain XH26
and mutant strain Go-72

Wild strain

Analysis content Mutant strain

XH26 Go-72
Molecule shape Circular Circular/Oval
Coverage (%) 100 100
Genome size (bp) 4112053 4 058 888
G+C content (%) 52.62 52.55
Coding sequences (CDS) 104 708 126 226
Total RNA genes 97 97
tRNAs 63 63
5S rRNAs
16S rRNAs
23S rRNAs
Other RNA genes 16 16
Predicted coding genes 3 927 3882

Total length of predicted 3 687 732
coding genes (bp)

EEETREHIRRG BN 1 466 NF1 1 447 1)
AANACE LRG0k 1 297 AT T 279 4N);
2 L 2H 43S0 288 H A T R R o A o T A (G
A 733 ASFN 727 AL 53 (5500 R 762 4
754 4N); 43 TR IS A TN L R £ 2
SEAEMEALINRE (S0 0 1 495 NAT 1 481 4N) K dili
RE/LEEAVER (G5 1108 4A~F1 1098 4N,

FIHT KEGG #5827 Hr Y A bk XH26 F
RASRINR Go-72 Y SEE IR, IF I T BES:
SAEE g M (B 2B). SR BN, B
AR XH26 RIS R AR Go-72 19 KEGG Uil
WA HITEREE] 2 305 N2 272 MEA . K
Z2 B0 BRI I AR T SRR T UM (4 o
277 H1276 1) Bk AP (221 SF1 220 1)
A RN R A 182 1 181 ).,
W5 WG 12 (o 178 ASHI 177 M)A K RE =LA
(53900 140 F1 139 M)A . FER AN A
Y& st , B XH26 58 AR 1R bk
Go-72 5 AT 44 A~ F1 43 ATERRIEIN (S B 115

3 636 840

<l actamicro@im.ac.cn, & 010-64807516

24 EBERBZESHRTAS

BEF LR A W X AR (R B, SR
Show-snps 2% Fll ANNOVAR #4423 5 e 17
SNP F1 InDel Fill F1 2 RE B 3). S5 R IR,
ST HP A PR XH26 M, AR R Go-72 7A7E/IN
R BRI RAZ B H A 17 SRS 14 M AR
3R RAR), FEALTTIRZ A1 (SNPYEH 2 18 4~
(BFE 11 AR AR 7 A ER] L 2AE), dEit
35 PNRANI M. Hd 24 NRAS KRGS R 3
PRI, 10 ANZARN FE5H 3L BRIk, LA
o 1A GRAS T 250 JE R Ui X3
2.5 SRTLEFEINGERRT

TRAGTHT 24 A-2E5H6) HE IR R B2 1 o A 58
AP, TR TR T RE LR (R 4). 4
BR, RAEA FEAHE RNA 2548 E AR
cviB i), DUF6164 ZIKEH HGERE orf00223
Hifd). 3 MeoEHE A GERE orf00228, cphA 5
orf02867 %ifi), TRAP #:ia KK M4E A& (i
yiaO %) . TRAP iz A KB iR (FL H siaM
Gt | SR 2 P S AL (SE IR argF W)
KR LR ABC # iz (% i T (LA livH i) |
TonB ZEJ s sk 715 A1~ (FE A tonB g, 2K Ig
SE MR 11 (FEN orf02504 Ztth) | BRI Py ) il
(A orf02758 Fifit) . Hhir iz ARGERE mntA g
), CEERARGER xylQ i) . MRz Bt
e R I IR W (L H] coaBC %), ABC #%iz%E
FI(GEE orfO0609 Hhifith) LA K M i & il 1) 1 Ak 285
FA IR 1 (FE A rspB %ifi)

RASTEAME Go-72 HHAFAE 3 /1 R R AR [
(ArgF. CoaBC 1 LivH), RJHENE N —FRIRIGIA
(tricarboxylic acid cycle, TCA)H ZEHH KR
(fumaric acid)., FrEER(citric acid), ZMWEAHEE A
(acetyl CoA)FIBEFAMESENE A (succinyl CoA)
R e /AR OE L AT it 1 D S B 1 B B
Tk, AR Go-72 ML orf01257 (gacA)
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Figure 2 GO/KEGG annotated classification of wild strain XH26 and mutant strain Go-72. A: GO annotated
classification of strains XH26 and Go-72. B: KEGG annotated classification of strains XH26 and Go-72.
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Table 3 Comparative genomic analysis of wild strain XH26 and mutant strain Go-72

Number ORF Protein name Locus Block Reference Change Type
number
1 0rf00034 RNA-binding protein S1 37 964 Exonic - G Insertion
2 orf00080 Hypothetical protein HALTITAN3299 86 078 Upstream - T Insertion
3 orf00256 Lactoylglutathione lyase 257 737 Upstream - C Insertion
4 orf00263 Hypothetical protein 261 715 Upstream - T Insertion
5 orf00263 Hypothetical protein 261 744 Upstream - AG Insertion
6 0rf00469 Acetaldehyde dehydrogenase 471 178 Exonic T C Synonymous SNV
7 orf00501 TRAP transporter substrate-binding 504 022 Upstream - G Insertion
protein
8 orf00566 Phosphopantothenoylcysteine 568 137 Exonic C A Nonsynonymous
decarboxylase SNV
9 0rf00643 ABC transporter ATP-binding protein 647 351 Upstream A T Synonymous SNV
10 orf00726 TRAP transporter large permease 732 078 Exonic - GT Insertion
11 orf01257 UvrY/SirA/GacA family response 1312231 Upstream - A Insertion
regulator transcription factor
12 orf02141 Branched-chain amino acid ABC 2212 367 Exonic - C Insertion
transporter permease
13 orf02185 Hypothetical protein 2262995 Upstream - G Insertion
14 orf02433 Hypothetical protein 2 529 845 Exonic - T Insertion
15 orf02522 Membrane proteins 2 628 488 Exonic - C Insertion
16 orf02541 Ig-like domain-containing protein 2 650 751 Exonic G A Synonymous SNV
17 orf02541 Ig-like domain-containing protein 2 651 078 Exonic A G Synonymous SNV
18 orf02541 Ig-like domain-containing protein 2 651 117 Exonic G A Synonymous SNV
19 orf02541 Ig-like domain-containing protein 2 651 159 Exonic C G Synonymous SNV
20 orf02541 Ig-like domain-containing protein 2 651 160 Exonic G C Nonsynonymous
SNV
21 orf02541 Ig-like domain-containing protein 2 651 163 Exonic T Deletion
22 orf02541 Ig-like domain-containing protein 2 651 165 Exonic G T Nonsynonymous
SNV
23 orf02541 Ig-like domain-containing protein 2 651 166 Exonic C G Nonsynonymous
SNV
24 orf02541 Ig-like domain-containing protein 2 651 168 Exonic - A Insertion
25 orf02541 Ig-like domain-containing protein 2 651 174 Exonic A G Synonymous SNV
26 orf02541 Ig-like domain-containing protein 2 651 177 Exonic C G Nonsynonymous
SNV
27 orf02541 Ig-like domain-containing protein 2 651 180 Exonic C T Synonymous SNV
28 orf02541 Ig-like domain-containing protein 2 651 181 Exonic G A Nonsynonymous
SNV
29 orf02541 Ig-like domain-containing protein 2 652 098 Exonic G A Synonymous SNV
30 orf02541 Ig-like domain-containing protein 2 653 040 Exonic A G Synonymous SNV
31 orf02542 Hypothetical protein 2 653 448 Exonic G - Deletion
32 orf02804 Hypothetical protein 2932441 Downstream C - Deletion
33 0rf02913 Hypothetical protein 3032 494 Exonic T C Synonymous SNV
34 orf03675 Urease accessory protein ureD 3867 248 Upstream - G Insertion
35 orf03864 Alcohol dehydrogenase catalytic 4 050 113 Upstream T G Nonsynonymous
domain-containing protein SNV

— means there are no base pairs at this location.
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® 4 FEEK XH26 SREFEK Go-72 BERE LRI
Table 4 Mutation sites analysis of wild strain XH26 and mutant strain Gy-72

Reference Reference proteins of wild NCBI accession  Alter gene Alter proteins of mutant strain ~ NCBI accession

gene of XH26 strain XH26 (NCBI identity, %) number of Go-72  Go-72 (NCBI identity, %) number

orf00034  RNA-binding protein S1 (100.00) WP030071723.1 cviB RNA-binding protein S1 (100.00) WP038480019.1

orf00080 Hypothetical protein ELY20074.1 orf00078 Hypothetical protein ELY20074.1
HALTITAN3299 (98.16) HALTITAN_3299 (98.16)

orf00257 Lactoylglutathione lyase WP253486412.1 0orf00223 DUF6164 family protein WP038480437.1

(glol) (100.00) (100.00)

orf00263  Hypothetical protein (100.00) ~ WP038480446.1 0rf00228 Hypothetical protein (100.00)  WP038480446.1

orf00501 TRAP transporter substrate- WP253486511.1 yiaO TRAP transporter substrate- WP253486511.1

(yiaO) binding protein (100.00) binding protein (100.00)

orf00726 TRAP transporter large WP038481516.1 siaM TRAP transporter large WP088700581.1

(siaT) permease (99.28) permease (93.63)

orf01257 UvrY/SirA/GacA family WP038482893.1 argF Ornithine carbamoyltransferase WP198350143.1

(gachA) response regulator transcription (100.00)
factor (100.00)

orf02141 Branched-chain amino acid ABC 'WP038485114.1 livH Branched-chain amino acid ABC  WP088701692.1
transporter permease (100.00) transporter permease (96.27)

orf02185 Hypothetical protein (100.00)  WP038485216.1 tonB Energy transducer TonB (99.03) WP271909853.1

orf02433 Hypothetical protein (100.00)  WP253485643.1 cphA Hypothetical protein (100.00) WP253485645.1

orf02541 Ig-like domain-containing WP253485764.1 0rf02504 Ig-like domain-containing WP253485764.1
protein (100.00) protein (99.70)

orf02542 Hypothetical protein (100.00) ~ WP253485765.1 orf02504 Ig-like domain-containing WP253485764.1

protein (99.70)
orf02804 Hypothetical protein (100.00)  WP167541166.1 0rf02758 Restriction endonuclease, type I, AIA76090.1
EcaR [, R subunit/Type 111 (74.42)

orf03675 Urease accessory protein ureD ~ WP253486280.1 mntA Manganese transporter (96.25)  AIA74233.1

(ureD) (100.00)

orf00469 Aectaldehyde dehydrogenase WP038480889.1 xylQ Acetaldehyde dehydrogenase AIA74850.1

xylQ) (100.00) (100.00)

orf00566 Phosphopantothenoylcysteine ~ WP253486540.1 coaBC  Phosphopantothenoylcysteine ~ AIA74921.1
decarboxylase (100.00) decarboxylase (99.28)

orf00643  ABC transporter ATP-binding ~ WP231658237.1 orf00609 ABC transporter ATP-binding  —

(dppD) protein (100.00) protein ()

orf02913 Hypothetical protein (100.00)  WP038477584.1 0rf02867 Hypothetical protein (71.36) WP088698847.1

orf03864 Alcohol dehydrogenase catalytic =~ WP253488167.1 rspB Alcohol dehydrogenase catalytic = WP301271689.1

(rspB) domain-containing protein (100.00) domain-containing protein (98.70)

— means that no consistent protein sequence was found in the NCBI database.

KRR HER RS BOIER IR N & E R
S 9 3655 2 i (ornithine transcarbamylase), 5
NCBI e v ) 8 H ArgF 6] 5 (FH 0L &
100.00%). KEGG fXifid 50 s, AN iy
N- & Wt & 24 B2 (N-acetyl- omithine) 4K ¥X 7 [iff
ArgF . ArgE. ArgG I ArgH YEF T o] A= il 45
KRR, HIK, KRR Go-72 AL orf00566
R RGRAS BRI IR I Tt~ It 22 IR I AR il

(phosphopantothenoyl cysteine decarboxylase), 55
NCBI %4 FE Y8 11 CoaBC  [a] Y (AH AL E
99.28%). LLFBEZ R (cysteine, Cys) MY, 4
Z 4|l CoaBC, CoaD, CoaE Fl CoaA fEfbA: 1Y,
LIt CoA, FHAFTRIRG B(EEIN gltA)R & 2 ik
PR . FRK, JRABTERR Go-72 HIAEIN orf02141
RAARAGAE  NERS 5L BRI R IB N S
PR ABC %%i21K5 % H(branched- chain amino
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Figure 3 RT-PCR validation of key differential genes (A) and metabolic pathways of ectoine biosynthesis (B).
The red font and lines means mechanism by which mutant genes facilitate the synthesis of ectoine. Similarly,
the main pathways of ectoine synthesis are represent by the blue font and lines. The solid and dashed lines
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