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¥ o#' E2FRE' X A # B
T e s AL B IR R SRR SR A AR AR 610041 ;
2. DU BRI EWFIE e AR 610041)

(1. PYRg RBR

WE &M E 74 ¥ (Bacillus subtilis) i &8 4 T AL, i E F AT E A Ao T 4
A % LA A K % % ZL B X small RNA(SRNA), ARHF R At 4t T & 4 & A5 Fo 3t BB 41 By AF & 2F AT o
R47 AT JE A% 5% 4 77 M 4% 5K 41 B sRNA 24T, 7% A Real-time PCR 77 i il 22 5 5 3k 25 B B9 48 3t
kB, BRETF, FHENNFEKREE Y 1.40x107 4 reads, 17845 43 4 DESeq2 4 H715
3918 NEREAKLR, HEEEKEGG HIEEFH 176 Mz FHE, Ao, F8NMFENE
CRATNFEHAANGEEABEER AL FRARE BEARED AR ELRAE), FE LI, epsA,
tasA, sinR, gInR. gInA, tnrA #1 ureABC £ ¥ it & 5 6 Z 5 AT H T & AW P AL . & sRNA
TR AF BRI A B AT SRNA 62 4 4t sSRNA S H th i 8 £ B or, HA 3960 3T AL
LR, FESE5HRANADZRFFHERY ., EXRET ARG, BXLE, £,

sRNA2073 #1 sSRNA2182 *t b # #2 J£ [ 4 5| 4 sinR %1 tnrA, Real-time PCR %4 & & 7~, argH. codY.
argG. ginA fr gINR R M Xt R A B RN S HFANFER—F, AR S REHELFH

AW FAB AN FIERESE B,
KR
hESES Q933 XHfERIRFE A

AT 5 K HE TR A TR | 4 T R IE R AR B T
b 7K A R R K AR b E A E R R, S EUK R
FRIGY, XX KA YA A & BN (Liu et al,
2004), L, KIAREILE BRI AT LS, K
A E B AR, DA P A S Dk
HeFG AR, AR . ARG, TR S i
B TS Ye (AL £55, 2018).

A B ZEHOFT T (Bacillus subtilis) 35 2% [G FAPE T
BRI BUIK Ut N2 o /s S 7 e 2 < O g = i 0 /82 i
LR A e AR 2L 24 R 1R M g ) T T

WEFHAAE; AANLE; #x4; 2FFKkEERF; sRNA 2T
NEHRE  2095-9869(2021)02-0147-08

F(Kewcharoen et al, 2019; F 554, 2019), HiFZE
FUAT B LB A Z Rl R AR M 7E K 7= 32 58 h A5 30
I . R ZEAATE HAINUP4O AT R 8L 1% /K
KFRFEE K AKE R T, R KB —F R
GFHE PR (U 55, 2018) 0 Al 0 ZE AT B X 22 1)
T & A A WS NS RSN
(Glutamine synthetase/glutamate synthase, GS/GOGAT)
45 (Magasanik, 1982), AW LIANFLZEAEATIE R47
WFFEXIGE, LANH,),SO4 MR K AR B 5 Yok I, A5
AR/ G K, R YRR T S AR
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T b B 2R ST TR 5 SR AL B P, W00 T 1 2 5 A
ZFAUFT BRI DL T 2 R PP BT A G [N Bl i, DAtk
— PRI R ENLAE 1 70 1 BIL R S e S04

1 MR57EE
11 SRBEH

i 2T R47 43 B Tl 6 (Carassius auratus)
0, AT T VG R R 75 9 IR sh ) 1A% W R
PS5 FH 20 SRR Y] 4 S
12 HEFHATHE R/ MEANNELE

PEAL L ZEAUAT RAT 0P T LB WilkRE 773k, 37°C
B, [SHEWOEE S 1.4x10° CFU/ml B, HC 10 ml
HEWOIMA 100 ml ZKEEH, 435]F 6. 18 F1 24 h HUfE,
MR8 K TG 2 50) £ e N i A8 2E W R A R )
Y457 I 58 R A B (mg/L)

1.3 HERANFESH

1.3.1 B ) & o B PL(NH4),SO4 2 A
TGYORIE, BUE SR AT K. KA R 2RI I R4T
AT LB WIASE AL, 37 CH AR, RERRREE A
1.4x10° CFU/ml B, [0 LB ¥4 85 37 3% o 4
(NH,),S04, X BEZH(C) AL L (T) M (NH,),SO,
351k 0 Fi1 40 mmol/L,37°C 180 r/min ¥53% 24 h )7,
4°C 12000 r/min &5.0> 2 min, WHERFEETTRE, —80C
R BN FE L 3 M EY R S AN B RNA
PRGN & Al RARA LB A PR mDFRH 2 2040
W & RNA, £ NanoDrop ND-1000 #% i 6 i 1%
(LabTech, 3£ E)¥: il RNA By S4aifF , T
Mlumina A 5538 &80 75 °F- 5 (HiSeq 4000)IU )7 , H I
T 2675 A= = 2GR FRA /) 58 o

132 HFMHEAEE HH B4R 5 1 R G
HdE, BP Clean data, 55% K4 {d 4K F Bowtie
AT XY, RIS F IR 2538 1Y Mapped data, [A] R,
Xof AR YR Si 2 e ) LE X 25 SR AT B R PP AL, Reads

15275 B AR X343 A LA X% Reads TEAN[A] 4 €4
o3 A o3 A, LIRS 25 FE L Reads 1 HE XS 88036
Reads 7EJE A BN EAE B o XS S5 B K 2 k47
LAl D REE R, BT H H P55 NR £ (Non-Redundant
Protein Database) . Swiss-prot J& (Swissprotein sequence
database) . Pfam (¥ FE . COG %4 JF (Cluster of
Orthologous Groups of proteins)fl KEGG ##i/% (Kyoto
Encyclopedia of Genes and Genomes) 6 JEUHE 1T kb
XF, F3BIAH R A DI RE T B S, £5G NR. Swiss-Prot,
KEGG. COG FiI Pfam ¥ii /B2 AR RESER , i i fd
) Unigene #4753 #7. FIH 4 RSEM(RNA-Seq
expression estimation by Expectation-Maximization) LA
TPM € e b 0 B (1 R IR A #0475 1 40 #T o
FF 1 "I 3 4 1) DESeq2 43X %} Raw counts #4741
) ik 22 S W L P GE 10 Ar , B B S X B AR o T 5
K5 %U(Fold Change)=2 Fll4fi% & Bl # (False Discover
Rate, FDR)<0.05&|log,"[>1. R Goatools X
£ 5 FGRFEHPILT GO Al KEGG Pathway & #4047,
AT BES 5 B A= W2 BRI DI RE

1.3.3 small RNA(SRNA)S# KA Rockhopper
Jr3 sRNA T 45 R )5, /1 Blast [ 23 A dE
sRNAMap, sRNATarBase. SIPHT A Rfam %% i X %
EEIH sRNA #E17H R . kA RNAplex fl IntaRNA
S3 IR sSRNA S EEPR F50I , SR J5 X6 v 7 30 45 PR A 2 e
AT

14 ERENEE PCR S

i PrimeScript™ 1* strand ¢cDNA Sythesis Kit
1 & (TaKaRa 22 @)l & cDNA. £ T 5 M 2EFR
BN, PLREKF . fEERIBE 16S rDNA K 5 N
ZHEEH, BOtRSRETIER 1o LA cDNA i
WAL, i TB Green™ Premix Ex Tag™ 17| &
(TaKaRa 23 7)) #EAT 920 726 5E B 7047, 45 1 HE mRNA
KBNS Bk, SR 2724 T SR . Real-Time
PCR 4538 5 56 S 7 $die 45 92 DU Logs “| .

% 1 Real-TimePCR 3|4}

Tab.1 Primers of Real-Time PCR
JLH Gene IEM 5% Forward primer (5'~3") X514 Reverse primer (5'~3")
argH GCAGAGGAGGGAGCATTG AGTCGCCACCTGGTCATT
argG AATCTTGACAGCCCGTAT AAGCGAGTAGGAAACACC
glnA GAGCCAACGCTTGAACTAAA TCGTGTTGACCAGGTGCTAC
glinR GCCGCTCAATGCCTTTAT CCTTGTTCTATCAGGTGCT
codY AACAGTTGTCGGAATGGA TAACAGAACGGGTAATGC'

16SrDNA

GTAGTCCACGCCGTAAACGA

CGAATTAAACCACATGCTCCA
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2 #R

21 WMEFHAFE RATHEIAHME

B ZFHOAF I R R4T7 W2 U0 24 S 00 2%
WoR,7E 6 h G K A A &R 0.8 FE % 0.01 mg/L,
18 F124 h J& , K e 2 A & it I 4ERFTE 0.01 mg/L,
X W B ZE AT R R47 1T I 8 P AR LU 2, T
FELE AL M PR -

22 HRAWNFBFEHFESAE

SEREEA I P REAAS 22 1.40%107 2% reads. S
a5 1% 2 (Clean Error Rate)d 0.01%, Bi3Ei
HAERT 20 (194 99.24%, KT 30 1947 97.55%, GC
TN 43.51%. LI RSSREIR, B4 A R
HEE . BRI E S Z AN K Reads
(Mapped Reads) i Clean Reads 1 43 tb KT 80%,
2 BH T 16 2 2 1 PR 41 A 28 mT LA R A BT I K o

2.3 Unigene W IhgE T &

T NR., Swiss-prot, Pfam. COG. GO
KEGG ¥ e 847 A Unigene 718, TEBF] NR )
RN AR, B 96.95%, TEREE] KEGG JE i3
A5 R R B>, R 42.51%. 6 5 2 BT RE
FERY Unigene 0 H hy 4420,

24 HEFANFERREEESNT

B SN P B AR S MR A 25 SR W, AR
Ji1] 5 1R 3 38 7K O B2 R 30 AR 26 R B F (RO R T
0.65, RP4&AIFE M Z 0] KA AR B =, 3 hm
T AT FENE OB 2 AN IR R K A AR 3
M R H] DESeq2 #4740 0r, 4R R, S5XTHRA
AHEE, Ak BEAL LG R 3918 S R IKEN
(Differentially expressed genes, DEGs), H:H', fu#F
1887 /> DEGs &3k, 2031 4~ DEGs NIk,
FIH KEGG $udi 2, nI#% DEGs #2182 5 1) Pathway
PR AT N REHEA T 432, AR, RIB T A
FESHEEMACH oKL S YR Bzt
2, LIAERE N FES SRR AR
S B e R F AR AT R
25 ERREEENBEEESH

K A Goatools X 22 5 2 ik FE I #E1T GO & 4E
3T, RAE 2R RRFEN FEEAR GO I 1).
VRSP o 5 A AR DI BE A DG GO 4% H S fig ik
M, HAH 14 Go &H, ®HEF 37 4

DEGs., FHZERF GO & H oA ik 3 P i 2k M A5 3]
134~ GO % H, % 574 1~ DEGs. ¥ DEGs #5iE
KEGG #t4 i, X5 51T KEGG Pathway & 443
Mr, ds s, EER 176 MEEEHE, FRIER
HTREERILFEGSEEA 130 1~ #FEEFEN
KEGG &4 R o, Phik T 5 FE i B/ 20 58
R ERE 2). A KEGG B#H, &5
by o 2 R AT T 2 2R A S % 30 R PR s ke, A5 )
8 ME S, 17 260 1~ DEGs (% 2). X253
FIAF N GO 5 KEGG & H /it th 9 4~ 54k L
ZERIAT B R47 X 7K b & RN 2 A SEHE R (3R 3).

2.6 SRNA HyFimlFo 4 #r

BRI IR N AR S, IR1T 3348 &K
FER 50~500 nt A sSRNA 4], Hd, Ll 50~100 nt
[1))7 5 8 2 . H Blast K A M85 2 SRNA Map .sRNA
TarBase . SIPHT & Rfam % 5% % & 5 sSRNA 47
HRE, BERRIAY sSRNA BECN 62,

27 SRNA WEBEBMAARIESE

XF sSRNA $EIE R A 20 Brdh B s, HoA 3960 4
Xof o BV AE S L Y KEGG B8 P Vs £ (4 0 2 P 4
AR PR BAL AR 6 KE(FR 4), XL AEA
R AT A Y R R The, o B S 5k
IKACE Wiz S AU R . ZOE R A B AR L e ok
AR, HRTRIEER, A 1285 NMHEHNIIGER
A o AR B SR AW A 9 AR SRFE R, Hor, sinR
H1tnrA 3512 sSRNA2073 1 sSRNA2182 AY#I AL

2.8 SEETREEE PCRIE

S VEAR B 53 200 25 R 0 vT SE A, Bl BL Pk 3k
argH. codY, argG. glnA fil gInR 3t 5 A~FEE AT
Real-time PCR 43#f7. MRS R ER, BIRi
LR BN 0.947, P<0.05, Real-time PCR 5% %41
WP 25 R AT — Bk, R T SR ot 22 7 37k
FE R RIS R BN T EE (A 3),

3 WS

TAE YT 2 5K G T i S, KA HLRN TEHL
Y EA R TCEEAL G, DT A B e K s AR
(Hu et al, 2012), HCHOR B K53 85 1A, 228 AT
. 20T (Alcaligenes faecalis) Fl4E Ik
(Pseudomonas aeruginosa), &L 2FE AT B AT 4310 1) it
HAT e i, LB 6E ) fici® (Marathe et al,
2018)c 43 & T oK™= FRFA K AR S e U rh 5L ZE AT T
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GO enrichment analysis (down)

Chemotaxis |-

Taxis -

Alpha-amino acid metabolic process
Alpha-amino acid biosynthetic process |-

Cellular amino acid biosynthetic process |-

Signal transducer activity -

Dicarboxylic acid metabolic process -

IMP metabolic process |-

IMP biosynthetic process |-

Glutamine family amino acid metabolic process
Cellular amino acid metabolic process

'de novo' IMP biosynthetic process -

Locomotion |-

Organic anion transport -

N-terminal protein amino acid modification |-
Glutamate metabolic process
Imidazole-containing compound metabolic process |-
Histidine metabolic process |-

Arginine metabolic process |-

Arginine biosynthetic process |-

Number

) 126

[ 0.4

0.4 0.6 0.8 1.0
Rich factor

GO enrichment analysis (up)

T

Intracellular organelle part

Translation

Structural molecule activity

Structural constituent of ribosome |-
Ribonucleoprotein complex -

Intracellular ribonucleoprotein complex
Ribosomal subunit

Cytosolic part

rRNA binding

Intracellular non-membrane-bounded organelle
Single-organism cellular process

Ribosome

Single-organism process |-

Macromolecular complex |-

Organelle part

Non-membrane-bounded organelle
Developmental process

Intracellular organelle -

Large ribosomal subunit

Generation of precursor metabolites and energy

T

T

Number

. 762

1.0
0.8
0.6
0.4

o
. 0.2

0.4 0.6 0.8 1.0
Rich factor

K1 ZERRBEN GO EERAR
Fig.1 Scattered plot of GO enrichment of DEGs

B7 HA RAFRIKBURAEMER], XK &b 2 R LB
FRT 80%(i, 2008), i fa 3 A i 43 B i Al 5 25
FELFT P R47 Xof S A E A AL IR 0, 7 — 7 B[] A ]
REA &=, Mﬁ'ﬁiﬁliﬂﬁﬁo

A AR S — AR 0 B B e A G A: T e
W R 5530 e 2 O H B . AWFETE GO ® 4R
Mriseat b, #F—2HFR T KEGG 55 T,
%3 DEGs & £ f 2 [ 166 08 {5 5 100 15 240 e XA 73
4 (Two component system, TCS), TCS 7E4HFE . 40
DA A R, R OO R B IR L0 B g ) 2 R
et R, AR EZEAAFT R TCS RNk B 2

RN, 159 DIYE 35 Hp A4 £7 (Galperin et al, 2018; Krell
et al, 2010), epsA. tasA fil sinR £ 5 ki 5 2 /AT i
XoF v e P S R N IO N . TCS I 5210 41 B8 Y A= 9
I 1 (Plate et al, 2012) . Al & 25 F0AT B A= 0 4 5 11
Jig A1 I o 32l M A 2 W5 RN L AR B 1 BT TasA 2 A4S
F B 2 %, 2 9 1 epsA-O #2401 il tapA-sipW-
tasA #: 9\ 715 5 & Wi (Kolodkin et al, 2010; Nagorska
et al, 2010), SinR Al 5 2F AT 1R A W) 4 B 1l i
v A R AR A, 38 ] A 220 A A iR
1 TasA B9 AL, EMH ) A= P i ) IE il (Kearns et al,
2005), 25 RINIHIEE R TR, epsA I tasA PRI
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Bacterial chemotaxis

Two-component system

Alanine, aspartate and glutamate metabolism
ABC transporters

Sulfur metabolism

Folate biosynthesis

Biosynthesis of unsaturated fatty acids
Arginine biosynthesis

Pantothenate and CoA biosynthesis
Histidine metabolism

Glycine, serine and threonine metabolism
Biotin metabolism

beta-Lactam resistance

Polyketide sugar unit biosynthesis

Ribosome

Valine, leucine and isoleucine biosynthesis
C5-Branched dibasic acid metabolism
Biosynthesis of siderophore group nonribosomal peptides
Flagellar assembly

Nitrogen metabolism

Ribosome

Oxidative phosphorylation

Propanoate metabolism

Valine, leucine and isoleucine degradation
Citrate cycle (TCA cycle)

Peptidoglycan biosynthesis
Photosynthesis

Porphyrin and chlorophyll metabolism
Carbon fixation in photosynthetic organisms
Pyruvate metabolism

Carbon fixation pathways in prokaryotes
Cell cycle-Caulobacter
Glycolysis/Gluconeogenesis

Nicotinate and nicotinamide metabolism
Central carbon metabolism in cancer
Nucleotide excision repair

Riboflavin metabolism

Bacterial secretion system

HIF-1 signaling pathway

Vitamin B6 metabolism

& 2

KEGG enrichment analysis (down)

1

1 1
0.2 0.4 0.6 0.8 1.0
Rich factor

KEGG enrichment analysis (up)

1 1
0.2 0.4 0.6 0.8 1.0
Rich factor

PSRRI KEGG & £ 85 &

Fig.2 Scattered plot of KEGG enrichment of DEGs

x2

SRRPHEXEFFREZERE KEGC R @K

Tab.2 The enrichment pathway of ammonia nitrogen metabolism related DEGs

Number

68

FDR

coooo
Mhoo

Number

46

FDR

coooo
(SN

B Pathway

Pathway ID

DEGs

up down

R AU 5> RGE

K& TR & L

IR AR

A

N ES AW

R R A e PR A3

WER . REARRME RIS

Two component system
Arginine biosynthesis
Metabolism

Lysine biosynthesis

Nitrogen metabolism

Thiamine metabolism

Arginine and proline metabolism

Alanine, aspartic acid and glutamate metabolism

map02020
map00220
map(00230
map00300
map00910
map00730
map00330
map00250

62
11
31

11
19
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Tab.3 DEGs related ammonia nitrogen metabolism

A Gene

iR Description

epsA hypothetical protein

glnR MerR family transcriptional regulator
glnA glutamine synthetase

SinR XRE family transcriptional regulator
tasA spore coat protein N

tnrA MerR family transcriptional regulator
ureA urease subunit gamma

ureB urease subunit beta

ureC urease subunit alpha

F 4 SRNA BEHEREM KEGG KB L5 i+
Tab.4 Classification of KEGG metabolic pathways of
sRNA potential target genes

KEGG fUiljf i i FEHNEH
KEGG metabolic pathway Number of gene

L} Metabolism 834
1615 b s
Genetic information processing

PREE 5 BAL B 234
Environmental information processing

AR Cellular processes 113
YRR S Organismal systems 27
ANZEPH Human diseases 71

25r O Real time PCR

1 e SRANW P

2 5% Fold changes
>
T

argH codY  gind

P 3 B S AL PP 25 R A SN E H: PCR B5E
Fig.3 Verification of RNA-sequence by Real-time PCR

ginR  argG

TS, T SnR FREH_F IR X 0T R R A A
ZEFUFT TR RAT 1IEAL T vk BE 2 BKAR IR 968 1 [ B

i B2 AT R AT A 2R B A G PR, AT
GS/GOGAT #& 12 [RIfE A, gInR. gInA. ureABC Fil tnrA
Z 5 2 o gInR K g it 1) A 2 AR A SR 4
A F(Global nitrogen regulator, GInR), —Fj#& i $%
PRI il B 2 AT P 0P AR 1 A3 2 IR e 5 i Tl 22
gInA % GInR I (ILEE, 2019), X —WATE
AW WA LIIESS . gInR AT gInA _EFiiE, Z5 83U

T gInRA #HF AR BA—1 o-MRhE—5% M-
IRBELE A I GInR TR L RIKJG, 456 3] gInRA
Pr b, FERBEFEIIH ginA 55¢, BRI IR
£ 7% PE(Brown et al, 1996; Wray et al, 2008),
A, GInR g Hn il IR ureABC 9\ 1 155 5%, 1
S BHLi8 # BHLAS tnr A 3[R 3 35 (Brandenburg et al, 2002;
Randazzo et al, 2017). 2= FFRBFEH LR BN,
gInA. ureABC Fl tnrA B FiE#a%, SHARF—E
i B ZE AT B 6 A U R B — N R AR, 25
5300 A MR ST o ARAIFFE AR A B ZE AT B R47
(AU o R G0 580 F R AT T8, B R IRATE R
5%

SRNA A5 1147 55 I ik PR 02 A 0 A 1) — oo
RUSEPR PR EE AL, &2 ALAE B R B I8 A A
ShEEY SRR AW EENEN. AhiaiEs
RNA1 F1 RNA4 A7 &3k % (Nostocal es) Fl ik 4H 1+
(Cyanobacteria) %I % (1 7] F F 14 (Alvarez-Escribano
et al, 2018; Klihn et al, 2018) . Gaimster 55(2019) % ¥,
Bl Bk # (Paracoccus denitrificans) sSRNA29 i3 35 F
5 IV 2 5 30 It I PR 40 B 7 A NO I NLO o ASHIF
FERTFEA SRNA ({38 L PRI HEAT FIN 5047, sSRNA2073
H1 SRNA2182 Fr A 4 1 38 i 1T BB 2 Ak 2 25 AT
W R47 AT R A BB .

A58 F] I lumina — AR 55 38 500 77 B AR X E &
B E R BE PR BEAAT B RAT AT, SRR A A
M & BRAN R AL 53 R G0 epsA | tasA | SinR., gInR, gInA|
tnrA. ureABC Z53L[H 1] fiE S S 4l B ZEJAT 1R R47 Xt
ARG, FEPEFTT sRNA 4087, MIEERA
PRI R 2 AT B A9 B 8L DL R A A A =4
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Transcriptome and sSRNA Analyses of the Response of Bacillus subtilis
to Ammonia Nitrogen

ZHENG Yao', WU Kainian', WANG Li'", WEI Yong®

(1. Key Laboratory of Qinghai-Tibetan Plateau Animal Genetic Resource Reservation and Utilization,
Ministry of Education and Schuan Province, Southwest Minzu University, Chengdu 610041;
2. Animal Science Academy of Sichuan Province, Chengdu  610041)

Abstract To explore the molecular mechanism of denitrification by Bacillus subtilis and screen out
candidate genes and small RNA (sRNA) related to the response of B. subtilis to ammonia nitrogen.
Transcriptome sequencing and sSRNA analysis were performed on B. subtilis in both an ammonia-rich
environment and a control group. The relative expression changes in differentially expressed genes were
analyzed using real-time PCR. The results showed that each sequencing sample yielded approximately
1.40 x 10 reads on average. There were 3918 differentially expressed genes in the control and treatment
groups as per DESeq2 analysis, which enriched 176 signaling pathways in the KEGG database, including
eight signaling pathways (bacterial two-component system pathway, arginine biosynthesis, purine
metabolism, and so on) adapted to the ammonia-rich environment. We found that epsA, tasA, SnR, gInR,
glnA, tnrA, and ureABC genes may be involved in the response of B. subtilis to ammonia nitrogen in water.
Sixty-two annotated strains of B. subtilis SRNA were obtained. The prediction and analysis results of
sRNA target genes revealed that there are 3960 potential target genes involved in carbohydrate transport
and metabolism, amino acid transport and metabolism, and transcription processes. Among them, the
target genes corresponding to SRNA2073 and sRNA2182 were SINR and tnrA, respectively. Real-time
PCR analysis showed that the relative expression changes of argH, codY, argG, gInA and gInR were
consistent with transcriptome sequencing. These results provide reference data for further exploring the
molecular mechanism of nitrogen removal by B. subtilis in wastewater.

Key words Bacillus subtilis; Response to ammonia nitrogen; Transcriptome; Differentially expressed
genes; SRNA analysis
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