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W OE. [88) KR L€ 8L TRMER S LIE (Halomonas campaniensis) ) £ 5 2 B & &
KF, 3BT S (ectoine) o A AE X Fh o9 £ F A B . [ 55 1% E L 48 NS (0 mol/L NaCl).
% 340 MS (1.5 mol/L NaCl)#= & # 28 HS (2.5 mol/L NaCl), %% H. campaniensis XH26 H#&, #|
A Tllumina HiSeq M &5 #HATH XA F 447, HAWAE SRR XIKG ZR AR, SFHAT
qRT-PCR %3k, [4R] BH XH26 e AW EE RO REETH LA THEWAX, 1.5 mol/L NaCl
HARRERKRA 4192 mg/L. $#FKENAF n=3/) 4 Z 23| A B AN 5 F IR EL T A
87.24%95.87%, FiEBFIRAT 748 N(F A 2 182 ANAR), # ALK L1 2k 941 A, TR F 4
FA 456 4, ERE 385 M T AR 326 4~(F & 245 A~ KEGG i#3%), 2018 NS vs MS »#7
R, R E ectABC Fo lysC & ik LRAAR G I R EE A R, KIKIKE gltB. gltD. davT. hisD.
alh-9. betA. acnB. pckA VAR gadA k3% L, A5v9 508w R X IKBI LiAdE. ik
MS vs HS 547 &80, KB ectd. acnB. pckA. gadA = gdhA &Lk T fEAE W EE" =R .

qRT-PCR 3oiE#s R 520 N F ey Rk A —2. [48] WEERAEMERE Asp(R KL R B
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Transcriptome analysis of differential genes associated with
the ectoine synthesis pathway of Halomonas campaniensis
under salt stress and expression verification by qRT-PCR

ZHANG Xin, WANG Zhibo, MIAO Zengqiang, XING Jiangwa, WANG Rong,

LI Yongzhen, ZHU Derui, SHEN Guoping*

Research Center of Basic Medical Science, Medical College of Qinghai University, Xining 810016, Qinghai, China

Abstract: [Objective] The study explored the differentially expressed genes of Halomonas
campaniensis under salt stress and identified the differential genes associated with anabolism of
ectoine. [Methods] Three experimental groups were set up: no-salt group (NS, 0 mol/L NaCl),
medium-salt group (MS, 1.5 mol/L NaCl), and high-salt group (HS, 2.5 mol/L NaCl), and then
H. campaniensis XH26 was respectively cultured. Illumina HiSeq was employed for transcriptome
analysis, and differential genes associated with ectione metabolism were screened and then verified by
qRT-PCR. [Results] The accumulation of ectione in XH26 was closely related to salinity and the
maximum (419.2 mg/L) was achieved in MS (1.5 mol/L NaCl). According to the transcriptome
sequencing (n=3) result, total mapped reads accounted for 87.24%—95.87% of the clean reads. A total of
748 operons (2 182 related genes) and 941 transcription start/stop sites were annotated and 456 new
transcripts were predicted in addition to 385 up-regulated genes and 326 down-regulated genes
(involving 245 KEGG pathways). For the differential genes between NS and MS, synthetic ect4BC and
lysC were up-regulated to promote the ectoine production, and associated genes gltB, gitD, davT, hisD,
alh-9, betA, acnB, pckA, and gadA were up-regulated to modulate the upstream of ectoine synthesis
pathway. As for the differential genes between MS and HS, ectd, acnB, pckA, gadA, and gdhA were
down-regulated, thus decreasing ectoine production. qRT-PCR result supported the transcriptome
sequencing result. [Conclusion] The biosynthesis of ectoine was closely related to the aspartic acid (or
aspartic acid hemiacetal), the upstream amino acid metabolism networks (e.g., asparagine, glutamate,
glutamine, and histidine), and tricarboxylic acid cycle (succinic acid, fumaric acid, and oxaloacetic
acid). These results can serve as a reference for the optimization or integration design of ectoine

synthesis pathway in the future.

Keywords: Halomonas campaniensis; Illumina HiSeq; ectoine; salt adaptation; transcriptomics; qRT-PCR

5 R M PRI R A A PR AT 7 AT M R e kT sE T A i R 41 e
A= 5 MU AP BE AR [ Fe s ) (B2 DA ). £ 21 W2 T8 J& (Halorhodospira) . 10 & F1 1 J&
1 2 PN PR 2 AT T S L 5 ) R vk BE (Chromohalobacter) . £k ¥. L 18] J& (Halomonas)
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1 EL K AT 1 & (Salinibacter) V) I W& 8 vy T8 U0 £k
#)E (Haloplanus) . AR TR & (Halorhabdus) il
21 & (Halorubrum) 3 , N T SEPLB 5 R A9 FR
E, Lt B AR IE T B B Rh 3200 SR
WE—JE . NFLRE Kf Cl, AT 540
B A TR AR SRR,
S N ARG BUR ST A AL P AR 2
% J#i (compatible solute), PAIB 1k 21 9 1) 7K 43
BARE, fle A W P ml AR s A A [ B4 A
VT, APEZSEONE T 28 G Al B AT |
HIHMI(Glu, Pro Al Gln). FHEHE(H 2R
AISRH . 2 PR A S ) . U & BE 2K (ectoine
5 5-hydroxyectoine) A & Bt Z L RIS (LT S
IR OB ETR) S TR, 1E 1.5-3.0 mol/L
NaCl ¥ &3 Fl N, =X vk R 0 s
(Halomonas) #l 4,3 ¥ & J& (Chromohalobacter)
A AW B T R AR R R L AR SR A
FEHk H. elongata DSM25817, 4E45i8 15 15K
7 G N 2R KOV EE s M7E R R 45T,
PREE AT o IO R A R R, I4EFFR 3
JEAPAf, SCA] 3 Ik A P e v R R SRR A i o
SUEWEBE = DR AT Eh 1k, SO TR R RE TR AR
KL (> 3 mol/L, 30% NaCl)H 47l Peng
LN S R F kR Halomonas sp. NY-011 764
[ £k 2 73 R S b i SR AR K IR A, R Bl Ek >
ClUH A HI AR I £ A1, MEL LiTH Mg™
MaE, KT NS

HET, FEE s e BRIz W,
G JRy PRI S 2 S PR R AN M A BRI, . R AR
b, AR R AT I K O B ) IR 22 SR A 2
H ¥, Ceylan 2V i 3h Whia 8 (1 24050 #r
W ¥k Halomonas sp. AAD12 415 185 3 I o IS
KM CHKEARMEEERRESBENMN
L BRI A SOV RN RE R A B UTAOC . ER A
TR L PN 0 D S B LR G i, RO T IR ST i

L% ectABC 8%, ectABCD-ask 9\ T, 5%
IR YI S L-Asp FI K& 2R 46 0 B 1% H
X, 1M L-Asp 5 Asn. Glu 8% Gln 25 U518 PR A7
FESREES, Z b, fEASIRIERIE B A F ST U
M I A ) A B 4 SRy P R TR 3 3 2 5 R L SR
LR (SR M W FCIHE AR Ak, EAFIR AR
AT LA AU R W A WA RE T bR H. campaniensis
XH26 M FEXT G, R FH i 88 12 000 e 0 LU 5 e 5
L 254 T R 38 W A AT 5L R 2 3K 7K 3 GA
Z 5, IFLIYOEE R qQRT-PCR £ AR K I PU & 1%
e B 225 1A 30 0 19X 44 S B A R4 Th B R TR
TZAFST T RE HE 7 U S0 i 1 R B A 46 5 40
KB, IR RE A S5 5 U A E 1 5 4L
PR P AL SR A B 1 25 7 1) o

1 #RE5xF*

1.1 EHRRIBEERE

WY 4= TR ¥k H. campaniensis strain XH26
(CCTCC2019776M) 43 2 T 4% ik A 4 b /N 58 B
i), TR AR ENEE, R TH BT
Bt A g 0Pl iR SR AL (1 L): NaCl
50 g (AT 9RTY), MgS0,-7H,0 25.0 g, KC1 55.0 g,
CaCl,0.2 g, Fre<MRHN 3.0 g, L-AFEAMREN 6.5 ¢
K RS2 7.5 g, A5 pHH 8.0, AR
FHIA 15 g/L BigH S
1.2 FERFIFLR

NaCl. KCl. MgSO,-7H,O. FrEEmReN . %
BRI . L-A 2R AN . WK %8 R F1 NaOH
X R o Hr e (R EUK KR 2wl LIEHPLC 2%)
F1 Invitrogen Trizol 7] (3 EFEER KA F]); 4
A Ribo-Zeror RNA ik & (35 E Illumina
S w])s DU W BE AR AEXT RE S (HPLC 2% > 95%,
P & Fluka 730 2> ®)) s % sl f &
(PrimeScript™ RT Reagent Kit with gDNA
Eraser, RR047A)F1 qPCR i# 7] &(TB Green®”

http://journals.im.ac.cn/actamicrocn
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Premix Ex Taq™ 1], RR820A) (H 74X TaKaRa v
l); A LW 2 (OSE-Y50 Y, Jbat R
2wl RAGRAR I (X (HPLC-2100 Y, SE[H
Agilent 2\ w]); (435 53 74 (SeQuant ZIC-HILIC,
5 um, 150 mmx4.6 mm, £ Merck A H]);
Lt UEAR(0.22 pm KRB, KREZHAA);
NanoDrop 2000 73 & # { (32 [& Thermo 23 Fl) ;
Qubit 2.0 Fluorometer (3 [F Invitrogen 2y H]); Il
¥ & Illumina HiSeq 300PE (3% Illumina 2
Al); SEAF 2% E it PCR {Y (Roche Light
Cycler®96, it Roche A ]),

1.3 #HERF S HPLC 4 M S iE R

e
Gl

WE B E (NaCl)ifs 4518 o4l NS
(no salt, 0 mol/L), HE;4H MS (medium salt,
1.5 mol/L)Fll = £k 4H HS (high salt, 2.5 mol/L)
1GALE I H. campaniensis XH26 (ODgoo 24 1.2,
Figt 12 h), $% 1%EFF NaCl #6555 5
(250 mL), #EATEREN I FREFR, 3 M EY S E
S/, PEIR¥EFE 48 h 5 (120 r/min, 35°C), &
PRI 52 %% BB ODsoo , 1500 WAUHE 41 T 72T 11 3
AN g g pu A e EpR ik BU1 mL
B, 12 000 r/min B5.0> 5 min, F FiEW; 5
AR AK 1 mL, JH 40 SU0F 8 45 v o o s
5 min, 8 000 r/min &5.[» 5 min, 4% FIEHR,
28 0.22 pm K RUFLATIEAR L UE, B DU S e
SR O 0.1 mg/mL U 4 IE A v
W, PREERRRE, RSO A (HPLC) il o &
W I A R, LR M 0 TR R (N A B ) R A T VR
(e AR AR il EAR VE T 28 . HPLC K 2522 T sh
NG /EKk VIV, 80/20), # K 210 nm,
WK 1.0 mL/min, #:J% 3.486-4.761 MPa, #I
i 30°C, AR 10 ui!',
1.4 IEZER IR BNAN S EE MY 2

& A Invitrogen Trizol {77 $2 HU G ¥k XH26

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

# B RNA (NS, MS 1 HS 4, 3 PNEE/4H).
i Y Ribo-Zeror RNA {7 & LBk rRNA, Jf
K mRNA 47 B Ak Al % s UL
NanoDrop F Qubit 2.0 £ ill RNA 4 & Flk i,
Aglient 2100 JHF K RNA #5521, A%
FE 5 56K FH Proto Script 1133 4% SR 5 BEALE |
YIHN actinomycin D A i —4%% cDNA, 55 4%
cDNA i 55 55 & U Mix (f15% dJACG-TP/
dUTP)& i ; T5A AMPure XP i Bk 25 fk XU bk
cDNA, 4ifb XU cDNA SEHEI TR uIE R . in A
It 3k, SR )5 AMPure XP 42k iF
17 i Be KN #R 5 Je B PCR 373544 2 DNA
Prwa e fdi ] Agilent 2100 A1 Qubit 2.0 3
1T CFE B UEF R 1L, DA NanoDrop 2000 43
BT E RNA s
1.5 NFEEELEINRERES

Ll Illumina HiSeq 300PE % & ¥E4T RNA I
¥, HMNEMER AR S . il HiSeq &
B (HCS)+OLB+GAPipeline -1.6 #1758 3LiH
W, R Bel2fastq (v2.17.1.14) K445 BUs i )
¥ ¥ (pass filter data), fifi FH # {4 FastQC
(v0.10. )47 e 50 o ot DA, B o 4 A
(quality score, Q-score)lA-101gP 15, iR
F P {HN 0.001(Q30)!"°), FIHH M Cutadapt
(V1.9 D)HAT G B T Ab BR L &, K BRi5 gL Je
3 P A . i BRI 5 (clean data)fifi F 5K
7 Bowtie2 (v2.1.0)#F17 25 %5 5L R 41 o Xt 4 #r
(alignment analysis, mismatch Z%{% 2), Sif
M A0 F-(exon) . N 7% F (intron) . 3 [H [H]
X 35k (intergenic) LA J& & Lt % %2 (total mapped
reads) [ 73 A f5 &L, FF R A IGV (integrative
genomics viewer)W| Y #5317 Bam RSO/ AT
AL Ay BrUO S MR PE NCBI 2 2% 3% [ 4 (H #k
H. campaniensis LS21), > ] Rockhopper (v2.0.3)
B AT B SR AR T 43 o
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1.6 EFFRIEEFRTHIEFIT ﬁEE%"Tﬁ
MR A E A A L e B YRR /K
HEAE RSeQC A7 HEXT reads FERAE @Fﬁ
Htseq {4 (v0.6.1) Union A 71145 36 K ik
FPKM (fragments per kilobase per million, [
fE>1.0), AAHXT5E 122K (percent relative error)PEA

FPKM #iffi 1k (Pearson 231 R?=0.92)!"", %7
[H(gene ontology, GO, http://www.geneontology.
org/)& £ 5 ]2 Ik 2 2 (hierarchical clustering)4y
¥ FH Bioconductor #{4£J DESeq 2 (v1.6.3),
IPMTTT i A IR 3 AN /), R
5 W E S EON WIS R E (logy(foldchange)>1 ,
P<0.05), AT JE A 25 57 3 0K 0 25 1k (A
T); F M %A GO-Term Finder(v0.86) Fl
topGO (v2.22)HI1E GO &K 5L R R FEHE
Kl .3 F KEGG (kyoto encyclopedia of genes and
http://www.kegg.jp) £ i 2 Fll 4K 14
KOBAS (v2.0), KR JLA K56 1, A KEGG
pathway RERA, AT 4 T 5 OCHK A pathway
VB 2 /0T (0<Q value<l, P<0.05), DL

Fz1 HTHXEE qRT-PCR 4RISIH
Table 1

genomes ;

2R RBIEES 5 Wi REAMAEHE R
(R LT B Y

1.7 HH#EREEXAM PCR WiEHXESR
&

K H Invitrogen Trizol iR 5 & #& B & £k
XH26 i RNA (NS, MS 5 HS #1/3 MNEXE),
RNA #5545 R (OD,60/OD,s0=1.8-2.2; HAX
¢ £ >4 nmol/L), {# F} Nanodrop F1 Qubit 2.0 £
D RNA SRRV B . R FH 0 i SR G kA 7
qRT-PCR (2 ug RNA), /=¥ cDNA Fift 20 fi5
FHF qPCR BB . qPCR R 5 64 7 28 4G
SV ZR 20 uL: cDNA 6 L, TB % 10 pL,
/M5 ¥4 0.5 ul, JCHEZK 3 pl, BERE MR
5T 96 fLk, FAHLiETT. qRT-PCR a1y
A M. 95°C 3 min, 95°C 10s, 65°C20s,
72°C30's, 40 MEI, B IREE E AR

BORAER R . NS KR W 2 T i R 0 =
(GADPH), 3 NEE/HKE, R 2T 154 3k
PR AR X 6 TR 7K F o AT b B8 FH A 5 140 £
A A B AR ) A G R 1)

Primers used for the qRT-PCR analysis of related genes

Genes name Primer sequences (5'—3") Length/bp
gltB F: GTGTTGGAAGGCAATACGG; R: CGCTGCGGTCACAGTTAGT 223
gltD F: CTGAACGACGGCTTTGGT; R: ACGGGTTTGACGCCATTA 191
davT F: CGACGGCAACCGCTTTAT; R: GCATTACTTTGGCGTGGC 206
hisD F: GAGGTGACAGTGCGGTGGTT; R: GTCGGCACAACCATCACA 261
alh-9 F: CGCCGCTTAGTCGTTCAT; R: TAGCCTTCGTTGCTGTTGG 227
beta F: TGCCATTGCCTCACCACAGATTC; R: ACGACTGAAATGCCTAATTCCCGAAG 181
gdhA F: CTTCCACCAAAGAGGCGGTAGATG; R: CCACTGCTCCATACTGCTGTTCTG 131
acnB F: CGTAACTTCCCGAACCGCTTAGG; R: CACTCATGTATCGCTGGTACTCTTCC 124
pckA F: TCGACTCTAGCCTGCTCAATCCTC; R: ACTGCGGACCTGCCTTGATAATTG 147
gadA F: TGGATGAGCCTATGTCGG; R: CTGCGAGTGATGTCTTTCCT 261
lysC F: CAAGACGAGGACGCTATGGAAGAAC; R: CATCGGCGATAGGACCAAGAATACG 133
asd F: CCCGAACGACAAAGACGCTACAG; R: TCACCAACACTGAAGGCTGACAAG 132
ectB F: TGCGTGGTATTGATGTTGTCTCTGG; R: CACTTCACTACTTCGCCGTCTTGG 112
ectA F: CAGTCGCTGATGCTGTGGTTGG; R: GAATTAACATCAAGCGGCGGACAAG 121
ectC F: GCTATGAAGGCGAAGGCGAAGTAG; R: AACAGATGTTCGTCGTGCTGATCC 103
orhR F: GTTGCCGGATAAGTAGCTGGTCAC; R: CTTACCCGCAATACCTCGCCATG 147
pecS F: CCAGTTCACGGGTTAAGCAGTAGC; R: TTAATCAGTGGCGACAGGAAAGACC 121
vdgJ F: ACGTTCTTCCAGCGACTGAATAGC; R: GGCGTGTACTTGCGTGGCTTAG 116
orf02069 F: GAAATGGCGTCTCTTCCTGCAAATG; R: GGCGTGAGGATCGTCGTCAAATAG 120
GAPDH F: TCCTTCCCTAAACTCGCACCT; R: ATACGATAGTAGCGTCAGCAT 284

http://journals.im.ac.cn/actamicrocn
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2 X504

21 HEBENZFHTHEWERBEMNEK
BEESFOH

Rk H. campaniensis XH26 WKL AN
L . TSR/, FLO6 ., HEPaE . R .
BES . W . RN AR, s B,
BHIE S KAFIR(3.0-5.0) pm*(0.5-0.75) pm, i%
PR RR BB IE I 15 £ 4 1K (0-3.0 mol/L NaCl), #if
AR ELFE 1.0 mol/L NaCl, ¥k A4 K@ Wk 55
FEIFAISA 36 h (ODgoo TH A K)o P B R E R I
W (0.1 mg/L DU WA NE )i 4T HPLC fail, g7 ik
JE (o) 5 R AR ) IS G R, ARiERTE
y=24 912x+9.819 5 (R*=0.999 9). % & Z 4L bk
& Z514 0-3.0 mol/L NaCl (¥ B [alf# 0.5), Ktk
XH26 Bt IESE 36 h )i, #illA4E K ODggo fH
F1 HPLC 437 P U & s e R R 1 (B 1) 2521
AP . 24 NaCl ¥4 0-1.0 mol/L Hf,
PR XH26 K2 EFAAHEG M NaCl EH
1.0-3.0 mol/L B, FHk XH26 A K M A&
# JLPL NaCl e BEERF 2.0 mol/L LU, AE K&
SRR, R MERE R E T ER . 2 NaCl
WePE N 0-1.5 mol/L B, PG msmg FUR B G+
BT g n, FRUERIE(E A 1.5 mol/L NaCl (]
MS 41); 24 NaCl ¥ &k 1.5-3.0 mol/L A}, PUE
m I AR R S A ) M RREAR teAh, NS 4.
MS 411 HS 4111 Y S0 e FUER S 48 (n=3) 73 5]
M 130.0, 419.2 F1 52.1 mg/L.

x2 HEIESRESRIT
Table 2 Filtered data and quality statistics

2.0 oD - 600
— Ectoine
production/(mg/L) —_
15+ =
' g
1 1400 £
=
: g
Z Q
8 1.0 - _.z
a
4200 2
0.5+ 8
&
0.0 : : : : : 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
¢NaCl/(mol/L)
El1 EHRXH26EKEROSEERRESLL
Figure 1 Growth curve of the strain XH26 and

variation in accumulation of ectoine under salt
stress, the error bar represents the standard
deviation of three parallel samples.

22 FHREAZFELEBEMREZESH

F A% Cutadapt (version 1.9.1)id €375
PORUIL 781, BR1F5 4 Reads (99.02%—
99.80% )1 Hif L4 & (1.9%10°-3.2x10° Mb, % 2),
Hrh GC &8 (R KAE 57.15%)F1 Q30 (>94.51%),
IRZK T 0.02%. Clean reads X252 FL K 4,
FEA ) B — DU SR I 7E 83%LA ., H 2 DEC R4t
KT 10%, e BT 745 AL L A] S R A 7 7E TS eIt
HESHILNAERPEEIE, W25 a2k,
HFSHILEA, AR ERE] operon
748 (2 182 AL, FE s IR A7 s (TSS)-2¢ 1k
BLEL(TTS) 941 A, T 4% A 456 4~

Samples Raw reads Clean reads  Q20/% Q30/% GC/% Uniquely mapped/% Multiple mapped/% Total mapped/%
NS1 17 684 786 17 544 016 97.42 93.32 57.15 92.09 3.78 95.87
NS2 18229260 18 073330 97.46 93.43 56.87 89.18 4.61 93.80
NS3 15573 320 15429 404 97.51 93.56 57.15 90.43 4.04 94.48
MS1 16 003 056 15 859 660 97.53 93.58 56.44 90.71 3.84 94.55
MS2 15394402 15249 924 97.40 93.30 56.78 90.70 3.72 94.42
MS3 13407 768 13276 170 97.16 93.02 52.40 83.01 4.23 87.24
HS1 21065752 21019614 97.88 94.12 52.28 87.96 7.36 95.32
HS2 20947 020 20904 764 98.04 94.51 5241 87.92 7.72 95.64
HS3 21569442 21518928 97.86 94.09 52.14 87.72 7.57 95.30

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

FETICER NS 41, rhdh MS 41 F1 £k HS 41
25 5 I B 3k K- (log o [FPKM+1]), #6472
K 2543 Fr (hierarchical clustering, & 2), 2
SAATER . BRI L0, RN FIE R
Wil . JoEhdl NS1/2/3 FirhEh gl MS1/2/3 k¥
AR, HA R 2 e B UK &R ) 5L
RAEZE, HF ANy RER R,
A REH A AL A B RE 5 2 5 A W] 0 2R ) 2=
2. [, ErEh4l HS1/2/3 HEEARTEHM,
R RE 2 AR, IR 3 A
P, FUTR R IG5 rh IR S A8 Ay e 26 1
WY, FERER SR kA B KRR 22 A,
Joh e Eh AL sk A R RIERZE, A
R AR SR LR B R K, B,

|
(IR

|

|

|

2 ERREEABRESN
Figure 2 Cluster analysis
expressed genes.

of differentially

FEF NS 41, MS 4l HS 4125 73N Kk
i, HEAT AL 25 (] 3A, logs
(foldchange)>1 H. P<0.05)Fl1 A FE R 22 5% A
S Hr(E 3B). 45H BN NS vs MS HUEATAE
272 KRRz RHEN, H BEER 155 4,
TR 117 4 MS vs HS HACH % E 1 1095
MREZEFEN, @G EIEER 436 4, TR
K 659 45 NS vs HS B R AFEAE 1 231 4
FIRFZEFRIEN, FIIER 519 AR FRZER 7124,
b, =B BRI 5T NS vs MS .MS vs HS F11 NS vs
HS HHH, KRBFA 2= 7 5L K i B o0 5o
45, 227 1343 4>, 3 A Ry 25 R Ak
H 514

[N

(=3

(=}
T

400

Number of unigenes

200

0
NSvs HS MSvsHS NSvsMS

(B)

3 BRENTEREEEHESRELTIAKE
AFEFEREF EE(®B)

Figure 3 Numbers of up and down regulated genes
significantly differentially expressed (A) and Venn
diagram of differential genes (B) under salt stress.

http://journals.im.ac.cn/actamicrocn
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24 EZEREE GO BELWH

SETF RN INEET K GO BRIFE, HHATHEMH
XH26 i N 25 5 5L PR 3 3k 1 4% (DT Ak 43 A
(P<0.05), FZW LAY IR i s+
hie s &t (s F (AT 20 5, ¥ 4). GO
TRERERY . fEr TR, Wk XH26 1Y
25 FRR BN FE A T RATEYE(366 1) .

400 - I Biological process

300 |
2560 oy

200

Number of unigenes

100

A B C D E F G H I 1]

B4 GO EENTMERERTHE

I Cellular component

K L M

BE S E GVERQ53 AN, VAR Tikia (R
(45 s R R m, FECE AT
(256 ). YA R (241 A ) APy
HFEGST ) MM S, FEE LM
ML (189 AN) . ANLMEE L (149 A~)FEE
(65 1) 3 N HE 4 GO & XT AT R
(Kl 5): NS vs HS fil MS vs HS HEHRES

Molecular function
366

253

Percent of unigenes

N O P Q R S T

Figure 4 Distribution of differential genes for GO enrichment analysis. A: cellular process; B: metabolic
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Figure 6 KEGG enrichment analysis of differential genes.
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Table 3 Analysis of amino acid metabolic pathway and expression of differential genes under salt stress

Down genes

sad, davT, gltB, gltD, putA

dmpG, mhpF, hipO

alh-9, nbaC, ACMSD

ald, gdhA, gadA, puuAd, carB

ectB, ectC, betA, betB, lysC, ectD doeC, doeD, ectA

bkdA, bkdB, dbt, thlA, mmsB, IpsJ,
scod, pacF, atoB, IpdG, fabM, ivd,
mmsA, paaF, mccA

hpaF, vIlY, hmgA, faaH, maiA, frmA

styD, dadA, paaA, paaB, paaC, paaD,
paak, paaF, paaG, paakK, paaH, paaZ,
oxyL, amiE

fadB, paaF, thiA, atoB, katG, GCDH,
kynU, amiE, kynA

pykA, glol, glcB, gloB, maeB, aldA, maeA, ddh, iidD, levA2, acyP

Gene
Path ID Path descripti U
athway athway description number p genes

Map00250  Alanine, aspartate and 10

glutamate metabolism
Map00260  Glycine, serine and 9

threonine metabolism
Map00280  Valine, leucine and 18 ilvE, alh-9, davT

isoleucine degradation
Map00340 Histidine metabolism 2 hisD, alh-9
Map00350 Tyrosine metabolism 7 davD
Map00360 Phenylalanine 17

metabolism
Map00380 Tryptophan metabolism 12
Map00620  Pyruvate metabolism 14

xylQ, alh-9, accA

Map00910  Nitrogen metabolism 7

gltB, gltD, can, narK, nasB

gdhA, ginA

W, NEARR G, Phe. Tyr. Lys L& Try 2E#)
G AR AS s TE 4] MS vs HS b, 2253
HE%T 2 1~ KEGG %, B & ABC ¥
i 255 . His/Ala/Asp/Glu B4 A&, 16
FL#e2H NS vs HS Hf, 22 LR OCHK 6 1 KEGG
Wi, FEW LR ABC #iskts . 4
YWRWAE &R . His 4 CH . Leu/lle/Val
E AT, LK Ala/Asp/Glu & ACHET

DU S S T AL R AT AR, A AT
5 Asp IR LR TR AT HHAHG . FT bk
XH26 VYA IEA )& g2 fl KEGG £
PR B A I 25 i i, L Asp. BRI
M Glu AR AL, ik pU S e S U B
2 By (R  SCI0C f) A I B T v T 1 R ik 22 S 0
DR el R B S IR (3R 4)0 T 2R RH . Hhilh
NG S, A DY R E G A I
PRI FER IysC (RAGATRIG) . asd (KA,
PR S ) . ectB (L- 30 T MR 5 2 1) |
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Table 4 Key genes and transcriptional regulators associated with ectoine anabolic pathway

Genes Description of genes or factors NS(FPKM) MS(FPKM) HS(FPKM) Significant Regulate P value

lysC Aspartate kinase 372.01 420.09 719.94 Yes Up 2.23E-06

asd Aspartate-semialdehyde 488.16 366.75 730.93 Yes Down/up 5.324 7E-06
Dehydrogenase

ectB Diaminobutyrate-2-oxoglutarate 402.13 409.36 996.56 Yes Up 3.465 SE-06
Transaminase

ectd Diaminobutyrate Acetyltransferase 605.03 682.26 423.23 Yes Up/down 4.381 1E-06

ectC L-ectoine synthase 921.37 2 3745.7 Yes Up 2.822 3E-06

067.95

gltB Glutamate synthase large subunit 14.11 17.77 93.73 Yes Up 8.854 6E-127

gltD Glutamate synthase 30.34 31.27 95.21 Yes Up 2.820 07E-32

alh-9 Aldehyde dehydrogenase family 47.02 55.51 190.49 Yes Up 7.435 42E-61
protein

davT 4-aminobutyrate transaminase 206.63 195.02 504.61 Yes Up 1.852 57E-48

betd Succinate-semialdehyde 76.78 142.84 741.48 Yes Up 2.173 7E-249
dehydrogenase

hisD Histidinol dehydrogenase 230.81 351.77 470.58 Yes Up 1.84E-28

gdhA Glutamate dehydrogenase 120.65 71.53 19.65 Yes Down 2.721 9E-17

acnB Aconitate hydratase B 370.56 402.38 160.03 Yes Up/down 6.778 8E-25

pckA Phosphoenolpyruvate 631.52 733.94 319.30 Yes Up/down 4.695 1E-25
carboxykinase

gadA Glutamate decarboxylase 234.33 411.37 117.13 Yes Up/down 7.2107E-19

ohrR MarR family transcriptional 39.94 70.30 53.08 No Up/down 0.206 193
regulator

pecS MarR family transcriptional 35.32 32.41 48.79 No Down/up 0.591 254
regulator

vdgJ MarR family transcriptional 68.56 81.22 47.57 No Up/down 0.016 707
regulator

orf02069 MarR family transcriptional 129.99 88.11 19.67 No Down 0.528 755
regulator

FPKM: expected number of fragments per kilobase of transcript sequence per millions base pairs sequenced, the normalization
using FPKM method normalized not only the sequencing depth but also the gene length, which made the estimates of gene
expression level obtained by different lengths of genes at different sequencing depths comparable.

FE NS vs MS b4, B gleB | gltD | davT .,
hisD . alh-9. betA. acnB. pckA FIEH gadA
ik PR, MR gdhd Fik T E; LANTE MS
vs HS Fll LS vs HS Heidirh, 3L gltB . gitD,
davT. hisD. alh-9 U S SEH betd ik b, T
I acnB . pckA. gadA 5 gdhA ik T, It
Gb, KBRS ot iR . 4 Ay B
TIEAFERIRZES, W ohrR . pecS. ydgJ F
orf02069 (FL %} NCBI Fl KEGG %48 1% , {15
J&F MarR FGEHEFHH ). bR EH,

MarR  Z 5 s 45 PR 7 2 DU &0 s BE A= ) 7

BB FE % ask-ectABC FEPLIB 5 1Y T 54
SET T, HIREAE fRR A
2.6 XPEERFIEEFAIIE

FEF b A BE i DU R E A G RN i S
A RN 19 A2ZFHN, #1799 qRT-PCR
TR ZEFHUEE 7)o srHTRY]: DUEmEE SR
RN SR ) 19 2257 R) qRT-PCR
Gt A5 RS RNA-seq T A5 R AH—2, B i
FRIEA T AFRBEMEE B, HEARER2E
S R S0 T B A [ i A 224k . qRT-PCR %6
EZE R BN : (1) DU WS E A s % S
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