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Transcriptomics reveals differentially expressed genes related to
ectoine metabolism in Halomonas campaniensis XH26 under Fe;O,
nanoparticle stress

ZHANG Peixia', TAO Yujie', QIAO Lijuan', WANG Rong', HAN Rui’>, ZHU Derui’,
SHEN Guoping"’

1 Department of Basic Medical Sciences, Medical College, Qinghai University, Xining 810016, Qinghai, China
2 Key Laboratory of Vegetable Genetics and Physiology, Academy of Agriculture and Forestry Science, Qinghai
University, Xining 810016, Qinghai, China

Abstract: [Objective] To studyhydroxyl radical the differentially expressed genes (DEGs) in
Halomonas campaniensis XH26 after co-culture with Fe;O4 nanoparticles (NPs), and clarify
the molecular mechanism of Fe;O4 NPs in increasing the ectoine accumulation in strain XH26.
[Methods] Strain XH26 was co-cultured with low-, medium-, and high-concentration (0.01,
0.10, and 0.50 g/L respectively in L, M, and H groups) Fe;O4 NPs, and the strain cultured
without Fe;O4 NPs (0 g/L) was taken as the control group (C). Transcriptome sequencing was
performed by Illumina HiSeq 300PE. The DEGs between different groups were mined, and key
genes were screened for RT-qPCR verification. [Results] Compared with group C, group M
showed an increase of 55.67% (708.87 mg/L) in ectoine accumulation, and groups M and H
showed increased ferrous ions and antioxidant capacity. The hydroxyl radical content in group
H was higher than that in group M. The transcriptomics analysis showed that the DEGs
between groups M and C were enriched in arginine/proline metabolism (13), nitrogen
metabolism (11), and sulfur metabolism (10) pathways. They were mainly related to the ectoine
synthesis pathways (11), electron transport pathways (7), and antioxidant enzyme systems (5).
RT-qPCR was employed to verify the expression of lysC, asd, and ectABC involved in ectoine
synthesis, astA/B/D/E in arginine metabolic pathway, and argE/H in urea cycle, which showed
the results consistent with the results of RNA-seq. [Conclusion] Ectoine is an important stable
protective agent for bacterial cells and biomacromolecules. Strain XH26 exposed to the stress
of Fe;O4 NPs showed increased intracellular reactive oxygen species and altered amino
acid/nitrogen metabolism processes. Strain XH26 increased the accumulation of ectoine to cope
with the stress of Fe;O4 NPs by improving the antioxidant capacity.

Keywords: Fe;O4 nanoparticles; Halomonas campaniensis; transcriptomics; ectoine; oxidative
stress

42 JB 94 K WUk (metal nanoparticles, MNPs) A — & R REEVE , (HIE$RE B EE SRR K
SR B, AR R RN, N B R R A S R AR IER
W4 Ak 2k 99 K B0k (iron oxide nanoparticles)H.  Fatollahi P58 & B, Fe,05NPs (0.01 g/L)FN
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ZREMRAIKE (0.10 g/L)34ml {2 ki £h 5 i pRf
(Halomonas elongata) A3 P F1 & 10 & % I
(ectoine), J=EAAMNEER T 72%H 67%; Wang
SO Ly R R SR U FesO4 NPs, Jf:
3BT T A VR 435 R T A R A R P T
2 (volatile fatty acids, VFAs)FJ/ =&, & FLIRE
AT "] (Spirochaetes) F1 4L FF 14 ] (Bacteroi detes)
AT E REHE R T 4.3%M1 1.7%, H VFAs iy
IR T 160%. HUK, 2 MNPs SANR IR
B, 2R REEHIAN R Y MINPs eI, ALpafift
Fe A T4 (reactive oxygen species, ROS), fitifFi%
SRR ARG R )ik 5 . ROS W [RIHELTS 22
FifESmE , LIA S A WA M BB A
W Lyu SRR/ INEARZ 3 nm)f) LR
KUk (extremely small iron oxide nanoparticles,
ESIONPs)#fill ¥ B B fa il iy, & 3044k I b 7
Yy (Cybb, NOX1, RAC2) . % i ; Lyu 207
A3 AT R A B L T 7R (Geobacter sulfurreducens) 5
LRI (Fe;s O3 SR G M BE I Rk 22 57, At
P B H AR (PIAV Rk & B B, i
B3R ¢ KK (OmeS Iy RIk i & T M.

VU S0 E S I 3k T T A TE A 5 o
Z—, Al AR R A, HRAb
SR it PR B A5 A PO A SRR D E G Y
B il R 452 IR (aspartate, Asp), 1 RAH
TR i (aspartate kinase, LysC)¥ Asp #54bK
KPR -B-FA R, A AT R AN
(diaminobutyrate transaminase, EctB), 2 3& T
1R £ Ik RE L4 i (diaminobutyrate  acetyltransferase,
EctA) I PU & 8 e 5 il i (ectoine synthase, EctC)
(1 3 AL A s ) 7 AP /N e
LR 15 43 1 ARAT — ok v 205OFR 2R W0 A I ) B
IR JE W7 £6 B0 7 (Halomonas campaniensis)
XH26, 7% 450 mg/L. VF W& 4R A
45 mg/L [¥) Fe;04 NPs 5tk XH26 L1555, &

PR TR R B P P s g ) PR 4R R T 55.08%
SR, £1%F FesO4 NPs G0 50 g bk XH26 fifg
PR DY A i B R T A ELR ML, L R sk
DAL PR B SR BTG RN 8 8 RIS 2 15 5 U S s I 1Y)
PG FEAETECER, ATFIRAIRSE . B, 4B
FEWCE AR WL R Fe;04 NPs 5 i #k XH26 4L 55
I, IR HE S A A BOR 53 B DU S E 5 A
HFEILN 227 FRIE, DULIRST Fe;04 NPs {2 E
DY S BE FR IR A AR AR Y AT HIL L oA e S D
WE 1) 4 T A 7 A 2 il B A 1 R 2% 1

1 S

1.1 EFEMEE

PR R & T BT 9% 3 (g/L, pH 7.5)®: NaCl
87.50, KCI155.88, MgSO,4-7H,0 24.65, L-B4,
2 £/ (mono sodium glutamate, MSG) 5.61, #7H5
f24M 3.00, FEK ISR 7.50, Jo/K CaCl, 0.20,
WLk 2.0,

FesO4 NPs, 5B 5T BBk b RL 3 M A FRA
w5 HPLC DU MERERRE S, Fluka A Fl5 £
I, FEBR R RFHE 22 7] ; TRIzol UP 584k RNA
FRBGLH &, XSV EARGIRA A ;
PrimeScript'™ RT reagent Kit with L-gDNA
Eraser 0% 5%/ & #1 TB Green Premix EX

Tag™ II qPCR i5f] &, TaKaRa /A +r]; WAKE
T oA &, O R ERHE A R A
SPT AL BE R R & L A ) B A
RGN R B S iR &, T3l AR A
FHEA R,
1.2 FEN=R

AR R A%, KA AR db ) A IR
Nl ZINRERERMY , Bio-Rad 2w 5 & 5Tl ,
R B LR R BR A\ 5 R ROROR a4
Agilent 23] 5 IALEUERT , REETTHE LI &%
HARAA; A%k, Merck 2Aw]; M
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W AR S BIL, T BT 2 AR R I A PR
Al 3 B SEALFI -6 IR A BRA L .
1.3 MEBIEHRRE. FRERRE
kge 1M E

W H Fe;04 NPs SMRILET RO 21
ZH [control group (C), 0 g/L]. K3k & 2H [low
group (L), 0.01 g/L]. H¥kJE 4 [medium group
(M), 0.10 g/L]#1 75 ¥ B 2 [high group (H),
0.50 g/L]. WEALHE R XH26 (625 EE (i ODgoo 2
0.8, H5FR2 12 h), $% 1% LB EFp TR A RE
F2HE(100 mL, n=3/41); 37 °C. 180 r/min &K
B IR B AR KB (Z) 12 h), FROHWEEIA
Fe;O4 NPs, ZKZE1i9E % 42 h, LR MRAEN MY
DU S M RE Al HPLC 5 At o F e ik Wt ok
B FR WO Y Fes04 NPs, FEXF 4 2 B RR (055 520
AT BE(ODgoo (H 24 1.0), HX 1.0 mL Fi )5 A9
FRES L, EIRMER PBS VR 2 1k, % Fe*
i AR PR EE T (total antioxidant capacity,
T-AOC)K M £ 1y i, SR 5 WO
(Asos 5 Asoo) FUBRHERNZE , FEEFTIIN A Fe™ &
WA T-AOC K, 2% ¥ILOH) A A=
F0#8 AL W) 57 Ak i (superoxide dismutase, SOD)
R 3m & i i, I BN R B el 3 I
G FE (As3o) Fil SOD il 5 4 .
1.4 EHREAMNEHRMREEH

K1 TRIzol UP i $2 B PR XH26 12
RNA (n=3/41), R 1%35 05 EE RS v Tk PE A
RNA Y524 41 R Ribo-Zero rRNA 7] £
ZBE rRNA, DL BifE mRNA M5 54
% cDNA . AMPure XP i 2k 4l L& 1i )5 ) cDNA
(370-420 bp), % Fl USER [i[4f#% cDNA 55 —
i, SRJ5 PCR ¥ #f- i k4lifk PCR 7=¥), %
FEFE S g PRk st i Agilent 2100
I Qubit 2.0 P47 SRR AE A, A4 SC
JEVEAT R E I, R R A R A E
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e WF R B AL J5 06 1y 9 858 reads,
FBRT ek (adapter) | 7% AR E R IE AR B FIIC T
1Y reads (S E Qprea<20 HIIKILE>50%;

PAAS B L B 1R R <1%), FdE L IE 3RS clean
reads. &M Bowtie 2 (v.2.3.4.3)4X/4: k47 clean
reads 55 7% 5L N4 L XS 23 BT (mismatch S50
2), HRMESH R ILHEL(H. campaniensis
XH26, NCBI % 3%5 5 SAMN18316568), fii
Rockhopper (v.1.2. 1) F A4 #4757 s AT 534 o
1.5 REEREENFEMINGEZES

R i 2 ot T R R L 2 R ) ik /K-

F A RSeQC (v.3.0)i 47 B X reads (I E
KeHE . fdF Htseq (v.0.6.1) Union #7345 JL [K]
By 2% 1K & {H fragments per kilobase million
(FPKM) [ {H >1.0 , DL # XF 45 5% % (percent
relative error)PEAli FPKM F4) i 1 (Pearson £ 4
R*>0.92). fiiffl Bioconductor #{4:f1 DESeq 2
(v.1.20.0) i#f 17 2= 7 % i85 & [ (differentially
expressed genes, DEGs) [t 3 AR (gene
ontology, GO)% ¥ % (http://www.geneontology.
org), s B WA RL, L) log, fold
change>0 H P,y;<0.05 NH{H, Fiit2: 55K
ER T O e A N D R o ST
GO-Term Finder (v.0.86)#I/E GO E4EK ., =%
ot HR K PR A A I A A R 4 A B0 JE (Kyoto

encyclopedia of genes and genomes, KEGG,
http://www.kegg.jp), %+ KOBAS (v.3.0)

PEAT RPN AL I3 SEOCHER pathway (19 2 443
Hr(P.g<0.05), i i€ DEGs 251 T 2R,
1.6 RT-qPCR ¥iF X% DEGs

K H TRIzol UP {58 G #2 B RNA, #a i 4li
JE 5B (i /2 OD,60/ODago=1.8-2.2; A AL E
>5 nmol/L), $R 5 fff a0 4% sk 10 & i gPCR 1k
R IEATE BRI, W SRR (20 pL):
7 110 puL (5xgDNA eraser buffer 2.0 pL, gDNA
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eraser 1.0 uL, total RNA Fil RNase free H,0 3t
11 7.0 pL) MRS 5 FIRCE 30 min, FEIIA
JZ Wi 11 (PrimeScript RT enzyme mix I 1.0 pL,

RT primer mix 1.0 pL, 5xPrimerscript buffer
4.0 uL, RNase free H,O 4.0 pL). & & PCR AR

(20 uL): cDNA 2.0 uL, TB Green™ Premix EX
Tag™ 11 10.0 pL, 1E. SE5[H1(10 pmol/L)5%
0.8 pL, JHi/K 6.4 pL, RT-gPCR S 514

95 °CHiZEPE 3 min; 95 °CZE 10s, 58 °CiE k.
20's, 72 °CIEf 30 s, 45 PMEH, JEIFIEMFY
BORAEBIE . DA IE S A G BE ] asd,

lysC. &A% ectABC K NS [ (GADPH) /Y 5|
Wiise 225 SCHk[14]; 2L F astAVB/D/E il argH/E

%1 RT-qPCR FAKEESIFF

5181153 2% F NCBI Primer-BLAST #2517
(https://www.ncbi.nlm.nih.gov/), 51#¥)& A3 H
A TTAEY TR E) B A BRA RS8R 1),
FE IR (AR X Rk KO R T 2724 A AT

2 BER540

2.1 Fe;04 NPs BB TE#E XH26 BIY
SEIERBRES F' SE20H

PR XH26 5 5% 2 050 (12 hEF, $hinA
[FJ¥¢ BE (1) FesO4 NPs FRALEEFRZE 42 h, Kal e
PRI P B4 O A e e B R A Fe® AR K ik
(B 1), 525R87R, B Fes;O4 NPs VREESENN, TR
XH26 P DU S ms e AR e R e R ke . Y

Table 1 Primer sequences of the genes for RT-qPCR

Gene name Primer sequences (5'—3") Product length (bp)

astA F: AACGGTCACGAAACTGAGCA 264
R: GCTGCTGTGCTATTGAAGGC

astB F: GTAAAATGCACTCGGCGGTC 231
R: ACTGATGGATGCTGGCTACG

astD F: CCAAGCTATCGGCCTCCATT 145
R: GTGAACTGGAACCGCCAAAC

astk F: ACAGGCGAAGAACCTGATCG 233
R: CAACTGTGCTGGTGTTGGTG

argH F: CACGCTCTTCATCGGTCAGT 178
R: AGCCAAGCTACGAACCAGTC

argk F: CGTTGAAATCACCACCGAGC 291
R: TGAGGTGTTTCTAGCGCCTG

lysC F: CAAGACGAGGACGCTATGGAAGAAC 133
R: TCGGCGATAGGACCAAGAATACG

asd F: CCCGAACGACAAAGACGCTACAG 132
R: TCACCAACACTGAAGGCTGACAAG

€ectA F: CAGTCGCTGATGCTGTGGTTGG R: 121
GAATTAACATCAAGCGGCGGACAAG

ectB F: TGCGTGGTATTGATGTTGTCTCTGG 112
R: CACTTCACTACTTCGCCGTCTTGG

ectC F: GCTATGAAGGCGAAGGCGAAGTAG 103
R: AACAGATGTTCGTCGTGCTGATCC

GAPDH F: TCCTTCCCTAAACTCGCACCT 284

R:

ATACGATAGTAGCGTCAGCAT

http://journals.im.ac.cn/actamicrocn
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Fe;0, NPs Yl 0-0.10 mol/L I, BE#RAE N Y
DS s LR E TS, 0.10 mol/L IR Fk
JL PR ) DU S RE R SR TR B R 708.87 mg/L,

SFEEZS 11 C 4H(455.36 mg/L)HEE T 55.67%; Fifi
# Fe;0, NPs W EFARSEd v, AR DY A
e PR T PR A(H 41, 604.78 mg/L,

K O1A). KM Fe* W, IR M (0
W AGAE Asos (WIIFRIEIZL y=0.013 6x-0.017 3
(R*=0.99). &5 B 8 M 200 H 21 M P 1031 42k 5
TEHREETE, XTH2A C 41(1.81 pmol/L)
AR E T 41.00%F0 49.00% (& 1B). bR
) B ok 1) A K (048 ), & BB Rk 19 A K
FAEL, {H7E 36 h J5 45 SEE ALY ODgoo ELAFTE
—E 2B 10), #EHHEE(200 nm)J3Aras 1
H(F 1D)5 M H(E IE)WEKIES, KM M
L 110 200 B 45 ) S0 SR AR R I, 200 b S BT R o

K1) Fe;04 NPs,,

2.2 Fe;04 NPs 1B TE#Hk XH26 f2A
MENKERH

R A PR XH26 M EE5E B i 65 i

SOD G PEFI S Bt B AL R 1 (K 2), I 27 St
AALBE JT (0 5 WOEME Asoo (y) 1 A5 HE it £
y=0.097 2x+0.004 2 (R*=0.99), 45 Z/R L. M.,
H 5250 2H 1Y e 58 B 25 o T s 1 C 4H(0.19)
AR T 13.65%.33.33%F1 44.15% (&l 2A);
M 4HH H 4189 SOD FEEiEMEXT b C 4
(9.74 UmL)5132E T 17.17%F1 16.63%, Xt
e L 2H(10.34 U/mL)7r 9425 T 10.41%F
9.91% (K&l 2B); LPtA ki /ixtkaH C 4l
(0.140 pumol/mL)73 54 T 17.34%H1 16.34%,
XFEE L 2H(0.145 pmol/mL) 73 B4 i 1 13.56% 71
12.64% (& 2C),

A B C
800 _ Contro!*!gl Fe;O,NPs 300 !:lControl**E*:J Fq(iil\lPs 201 B el
= i wh% ko
=) o E3 skok ok Q *E i —M —=-H
E60 T B S22 7 151
= g
g 3 = == T .
Q - 2
2 400 é 1.50F % 1.0
E =1
a o .
51 <«— Add Fe,0, NP
2200 4 075} 0.5 G NES
2 &
Q
m
0 0.00

Lvs.C Mvs.C Hvs.C

Lvs.C Mvs.C Huvs.C

0 1 1 1 1 L L 1 L L L Il Il
4 8 12 16 20 24 28 32 36 40 44 48
t/h

1 Fe;04 NPs /EF TE XH26 EK S, MSIZIERES M Fe 28N S

Figure 1

Growth, ectoine accumulation and Fe*" content analysis of strain XH26 treated with Fe;O4 NPs.

A: Intracellular ectoine accumulation of strain XH26; B: Intracellular ferrous ion (Fe*") content of strain
XH26; C: 48 h growth curves of strain XH26; D: Morphology of strain XH26; E: Morphology of strain XH26
under the treatment with medium concentration of Fe;O4 NPs. **: P<(0.01; ****: P<(0.000 1.
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#k EEE T ARk kEER skokk *

0.24 +
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0.08

Hydroxyl radical content

0.00
Lvs.CMvs.CHvs.CMvs.L Hvs.L Mvs.H

(@)

0201

0.15 -

0.10

T-AOC (umol/mL)

0.05

0.00
Lvs.CMvs.CHvs.CMvs.L Hvs.L Mvs.H

—
[\
1

O
T

SOD activity (U/mL)
w [e))

0
Lvs.C Mvs.CHvs.C Mvs.L Hvs.L Mvs.H

mC
L
mM
B H

2 Fe;0, NPs {EFI TN EI#k XH26 M E L BE I 24

Figure 2 Analysis of intracellular antioxidant capacity of strain XH26 under the different Fe;O4 NPs
experimental groups. A: Intracellular hydroxyl radical content of strain XH26; B: Superoxide dismutase
(SOD) activity of strain XH26; C: Total intracellular antioxidant capacity (T-AOC) of strain XH26. *:
P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.000 1; ns: No significant difference.

23 EHREFBELEBSHRESHT

JEUA BG4 ue A H, RS Y clean
reads 3t H>13 642 626 %%/#, G+C &N
53.86%—53.86%, Q3>89.84%, 1724 0.03% (% 2).
K Bowtie 2 (v.2.3.4.3) 4 BE1 7532 FE N 40 Ho Xt
BRI, 255 B RFEAY BILELR>91%,
—VCHEAE>85%, ZVLHLEN 6.05%-7.02%, KW
DFPEERATEE, W JE AR BT K
24 Fe;0, NPs {ER TEHEFRILKFE
vk

S HEARTA FesO4 NPs WEZH(C, L, M, H)
DEGs {761k /K F-(Ig FPKM+1), 472 E
243 M7 (hierarchical clustering). 45 % @ /R4 C
1R L AR AEAS SR ZSAE ML, M 4R H 4 FEA

BB MA, HAS= A C AX ik
I, M4 H 2R R i 5 ke A i e 22 S/ AR 4k
B2 C HIMRRIA RIS X AE M 4 H A %
BRI REX, gz (& 3A). 4lE DEGs
(log, fold change>0 H. P<0.05)F13:45 DEGs 4%
ST IR, Lvs. C FLE 417 7E I1H DEGs 71 1/,
Ti# DEGs 135 1~; M vs. C HEAAETE 1M
DEGs 377 4>, T4 DEGs 483 /~; Hvs. C b
2 HPA7AE I3 DEGs 207 4>, F H DEGs 266 /;
L vs. M HLECHAETE M DEGs 227 4>, Tl
DEGs 259 (¥l 3B). #&4% DEGs 4r#r i~ , 34
8 4H (L vs. C, M vs. C, H vs. C) T4 Y DEGs
BHSH M 56, 481 F1 127 4>, 4 DEGs Ny
93 (Kl 30)s
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®2 BESEMRES T
Table 2 Data filtering and quality statistical analysis

Sample Clean reads Qo (%) Qs (%) Errorrate  G+C (%)  Total mapped Uniquely mapped Multiple mapped

(%) (%) (%) (%)
C, 14 866 686 96.38 90.52 0.03 53.42 92.84 86.13 6.71
C, 15372448 96.39 90.53 0.03 53.78 93.04 86.52 6.52
Cs 13 642 626 96.08 90.00 0.03 53.68 92.53 85.51 7.02
L, 15587 564 96.54 90.82 0.03 53.86 93.19 86.74 6.44
L, 14179496 96.43 90.59 0.03 53.28 92.57 86.06 6.51
L, 13819380 96.52 90.75 0.03 53.52 93.09 86.94 6.15
M, 15599214 96.18 90.04 0.03 53.09 91.97 85.22 6.75
M, 15368 656 96.49 90.66 0.03 53.57 93.11 87.06 6.05
M; 15754 456 96.31 90.35 0.03 53.63 92.94 86.45 6.48
H, 14431 560 96.06 89.84 0.03 53.36 92.13 85.53 6.60
H, 14331 822 96.04 89.84 0.03 53.61 93.37 87.00 6.37
H; 17 921 678 96.48 90.70 0.03 53.41 93.43 87.23 6.20
B
500 -
EmUp
EDown
377
375
§
)
[
° 250
(7]
°
£
=
Z
125

0
Lvs.C Mvs.C Hvs.C Lvs.M Lvs. H Mvs. H

3 HRBAERREEERNRLESH

Figure 3 Cluster analysis of differentially expressed genes (DEGs) of comparison groups. A: Cluster
analysis of DEGs in different groups; B: Numbers of up, down-regulated DEGs; C: Numbers of common
genes.

E— ik 5 A4 E % DEGs  HrMvs CHIHvs C HAEA LA 1Y 36 1~ 8 3%
(log, fold change>0 H. P,;;<0.05), &5 /R 3%  DEGs KIU(E 4), Kb BFH DIHMEEE O
DEGs FZHEHRIELK A Mvs. CFIHvs. C, i 5IURMENE S B E %A L 1ysC FFE A 7%
& EUREER 169 4>, THRZER 190 1~ 3). 47 ectABC. 1§ 2 R (arginine, Arg)fX i i 2% %k K
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astA/B/D . A iR AL R04790 45

TR R E T RENEREHE Q (CoQ)f ik

HHIEHEN aarF/ubiB K 4 Ak i i i AR 56 3 [A]
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Table 3  Significant DEGs of the experimental groups compared with the control group

Regulate Comparison group  Gene name

Up genes Muvs. C

fabA, hisl, pilW, surE, lysC, recX, hutC, iscR, IrgB, IpxB, rapZ, mnmC, ccsA, ginD,

recF, nadB, ptsN, rnt, rnhB, xthA, flhC, gcvP, gmhB, yhbY, rnhA, uraH, rimP, rImE,
dinB, gIxA, folK, yidD, umuD, gcvH, mnmA, hflD, rho, pta, der, asd, flgN/M, argE/H,
XdhA/B/C, ectABC, fliE/F/M/N/P, hemA/B/C/D, astA/B/D/E, and 76 undefined genes

Hvs C
genes

Down genes M vs. C

astA/B/D, ectABC, cysD/T/N/P, gevH, xdhA/B/C, lysC, ahpC, pilW, and 10 undefined

HutG, safE, recB/D, acrB/D/F, icIR, dctP/M/Q, mal T, dgcA, fdhA, gItS proB, soxZ,

hlyD, cobG, sohB, ptsP, antC, eamA, ureD, dctM, eat, urtB/C, kdpA/C, phnE, aqpZ,

betT, oprD, moaA, ligB, cobF, nhaC, sstT, ctaG, narH/K, catC, fixB, rluA, coxB, deoR,
ribA, nirB/D, menA, ccoG, arsJ, pqgD, ghpC, asnC, tauk, plsY, exbB, ald, mocA, mtnA,
smtB, mlakE, peaD, lysE/R, dapE, rluF, purU, xseA, yifB, eutC, chrA, ptsP, pstC/B, ubiB,

nagE, thuA, iolC/D, glaH, speB, IptG, acrB/D/F, aarF, and 171 undefined genes

Hvs C

undefined genes

ubiB, hlyD, fecC/D, tenA, recB/D, tonB, bioD, folE, glaH, aarF, mdoG, and 19

x4 TWHSTZHEHEBEEE DEGs

Table 4 Common significant DEGs between the experimental group and the control group

Up genes Function Down genes Function
ectA/B/C, lysC Ectoine synthesis pathway recB/D Exodeoxyribonuclease V subunit
astA/B/D Arg and Pro metabolism RS14435/14800/06820 DUF932/3833/1365 domain-containing
protein
RS04790 Peroxiredoxin RS06850 FAD-dependent oxidoreductase
xdhA/B/C Xanthine dehydrogenase RS06856/06825 NAD dependent epimerase/dehydratase
family
PilW Type IV pilus biogenesis/stability aarF, ubiB AarF/ABC1/UbiB kinase family protein
protein
RS07420 VRR-NUC domain-containing RS06830 SDR family NAD(P)-dependent
protein oxidoreductase
RS04260 Cold-shock protein RS01840 Efflux RND transporter periplasmic
adaptor subunit
gcvH Glycine cleavage system protein ~ RS10485 Glycosyltransferase
RS02725 DNA starvation/stationary phase =~ RS01690 PAS domain-containing
protection protein methyl-accepting chemotaxis protein
RS06920/06925/11825 tRNA-Tyr/Gly/Leu RS06855 TIGRO01777 family oxidoreductase
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Figure 4 GO enrichment analysis of DEGs within the different comparison groups. A: Comparison analysis
of groups L, M, H vs. C; B: Comparison analysis between groups L, M and H. BP: Biological process; MF:
Molecular function; CC: Cellular component.
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Figure 5 KEGG enrichment analysis of different comparison groups. A: Comparison groups of L vs. C; B:
Groups L vs. M; C: Groups of M vs. C; D: Groups of M vs. H; E: Groups of H vs. C; F: Groups of L vs. H.
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Table 5 FPKM values and key up-regulated DEGs of the ectoine synthetic pathway

Gene Description of genes or factors FPKM values of RNA-seq in different groups Regulate
C L M H
astA  Arginine N-succinyltransferase 239.65 222.21 330.96 287.26 Up
astB  N-succinylarginine dihydrolase 154.50 162.55 230.63 199.76 Up
astD  Succinylglutamate-semialdehyde dehydrogenase  303.23 298.12 350.58 418.82 Up
astE  Succinylglutamate desuccinylase 414.34 532.87 612.34 458.88 Up
argH Argininosuccinate lyase 406.67 446.99 531.84 501.08 Up
arge  Acetylornithine deacetylase 371.84 428.38 483.91 428.41 Up
lysC  Aspartate kinase 669.51 792.61 971.45 964.37 Up
asd Aspartate-semialdehyde dehydrogenase 182.14 172.84 216.33 203.34 Up
ectA  Diaminobutyrate acetyltransferase 604.69 764.54 940.39 925.42 Up
ectB  Diaminobutyrate transaminase 1 864.03 2 047.36 2 243.04 2227.50 Up
ectC  Ectoine synthase 3074.22 3127.61 3130.82 3 286.80 Up
A B
_4rLvws.C _ 100 Mys. C
2 RNA- ] RNA-
E DT A Dsre”% . § -—TT .\nsre*(r:l) ﬁ
5 5
o 8]
b 1hH =
= =
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Figure 6 RT-qPCR verification expression results of key DEGs. A: Comparison groups of L vs. C; B:

Groups M vs. C; C: Groups of H vs. C.
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