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Abstract: [Background] Petrochemical wastewater contains nitrogen and has high salt content,
which inhibits microbial metabolism and makes it difficult for common denitrifying
microorganisms to effectively remove nitrogen. [Objective] To screen out and characterize the
strains capable of efficiently removing nitrogen under high salt conditions. [Methods] A strain
of salt-tolerant denitrifying bacterium was screened out and identified based on the
physiological and biochemical properties and 16S rRNA gene sequence. The growth conditions
of the strain were optimized and the denitrification capacity was measured. The products of the
strain under high salt conditions were analyzed qualitatively and quantitatively. [Results] The
strain YA16-1 was identified as Brevibacterium epidermidis and had the ability of denitrifying
nitrate-nitrogen. It showed the nitrate-nitrogen removal rates of 97% in 18 h at 3% salinity and
55 mg/L initial nitrogen and 100% in 24 h at 250 mg/L initial nitrate-nitrogen. The optimum
growth conditions for this strain were 2% NaCl, corn cob meal as the carbon source, yeast
powder as the nitrogen source, pH 6.0, and 30 °C. The strain grew well in media with salinity
ranging from 2% to 15%. At 15% salinity, the strain maintained osmotic equilibrium by
producing ectoine with the maximum titer of 0.89 mg/mL. [Conclusion] YA16-1 has good salt
tolerance and denitrifying ability, demonstrating the potential of being applied in the treatment
of high-salt wastewater and the production of ectoine.

Keywords: denitrifying bacterium;
wastewater; ectoine

salt-tolerant bacterium; high-salt nitrogen-containing
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K B HE R B R T T (8, BRI AR A
HL T OC 0 T HERC NO, ™ B 95 7K filf 25 U B )
ik 1 500 mg/L, AMTHIATK AN A A & it
10 mg/L /K& R mBRIMLTE FE, Y+
AR ML A %] 70 mg/L BIR] 5| & 2= H .
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H A 25 R K ) 5 vk A Yy Ak
DR . P ERAL SR I WL T A B
ro BFacie, RBE . b2Ed AL A
PRGBS A Wk 2 BR A AS RURE R R S R i A
Wy 5B A6 20 T A I RAE T B K R i NOy %%
b4 NLO FEN, AR Ak NI AR . G
R FH R 8 A6 V6 25 05 et 3t s FH A7 Ah 3% R
KOO ik i i S R — ol S R A 41 P R TR
WA I —F W, 4 SHEBKERE
WAL T 36%A 4, KRR ks, b
K FRBE I K B AL B 7 2 R R 3 25 B W A
AL HX R EBRRURIR 22 . Kern 51 I
Tl AL A P P A f R SR K, a5 SR R KK
FIAR . ERSRILFE2M LR, TRED
W5 S5 77 SRS Al 20 B 5 A B S T K A A
e, SEIRLPIAE 20 °CHE, ZRGREE
R ERRIBE] 90%A A7, Ton KB AL B]
15 KIIRET] .

W T KL m A R, &R
oM EE A, T 8CEE R A
MELATE B Eh B T A RO AN, S figfk
RO, HET, X EA R S A 40 T i 8 4
o AR RS A R T A N A NB S T,
SITENLIN 7 A — W P A A PV T . DU
(ectoine) X FR 1,4,5,6-PU 5 -2- F J -1 g R TR
JE— RGBT, TH B AR
IBEa g s st . ms B R, U e
TEBE . ARl S A A Py OR3P S5 U A T2
AT B RIEAS B e A R R P B
R PERE!, WS InAE ket b AT DASE SR LR
PR35 AR, e AT UV INTE ARy T R
U SRR LA VEZ R M 4 AR EC 520,

A 5T I IE 7 9 T 00 - 398 v 0 20 — AR i g
AL, I BT L Ehae Ty . AR
BT R RE RE ) K ol KRR AR, DA

APREAL MR L RS RBOK SRR,
B ER T K 0 Ak B A IR

1R

1.1 #%
1.1.1 #S

FE R H % = W TR — J7 2 bl it 5 1 3%
(34°45'31.98"N, 119°22'12.86"E).
1.1.2 EZERF LSS

WeRkky . B . NaCl, KNO;, CH;COOH,
CH;COONa, Z %, K,HPO,-3H,0., MgSO,.
FeSOs. HME. . AIMHTER . (NH.),S04.
NaNO; . W& K, BTHr T35 (- id)A B2
Al ORI R Gkl Brhn TR (i)
AW,

DNA $ B ) 65 Fl At P i A= A R 48
A TTAE) T AR () ey A R 2 w5 i A 2 A
15871 Ko A TSP il 5w Ko S U RSy S 513
ABRAF

Agilent 1200 U RO AR (a5, Agilent
ANE TERRIY, Thermo 2AH]; £ H0K G4y
B, bt EERHE AR A ¥ Quanta 450
FEG 7 BEIS37 & B A 8%, Thermo A H] .
1.1.3 EHE

R R I (g/L): HYlh 0.25, #i%IHE0.25,
HEZ0.50, HJ0.20, 2K 0.10, KM 0.050,
CH;COONa 0.25, Na;CqHs0,-2H,0 0.25, P#fbky
0.10, MM 0.20, 4-WE 0.20, K;HPO43H0
0.35, KH,PO, 0.10, (NH4),SO, 0.25, NH,CI
0.25, JRZ 0.25, NaNO; 0.25, MgSO, 0.10,
CaCl, 0.10, NaCl 45.25, g (& 45 55 5L iR
Him) 20.00.

SRR AR (g/L): KNO; 040, ZFRHH
1.28, NaCl 30.00, K,HPO, 1.00, MgSO, 7H,0
0.30, FeSO47H,0 0.03, pH 7.0,
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DU MR IE S 3 IR Ak (/L) HAHE 10.00,
FEBERY 3.00, NaCl 150.00 (kK AT LA K 8 i
EERU ), MgS0,42.00, K,HPO,3H,0 0.55,
FeSO,-7H,0 0.005 0, NasCeHs0,-2H,0 3.00,
CaCl, 0.20.,

LB $:55E(g/L): Btk 5.0, & H K 10.0,
FALsh 30.0,

P85 57 2 (g/L) : BRI 5.0, A4 BE 20.0,
B e 200.0, pH 7.4,

1.2 FE#HSBE Sk

Be il NaCl ¥ FE N 5% LB AR 373,
FEIMAH I 250 mg/L . #0250 mg/L. H %
50 mg/L, 7E30°C. 160 r/min £ F Xf 38 kE
A E R SR 24 h, BESRIRPI R, BEAG A AT
FIEEE ZFE, KRR WLL 10 545 R iEf T
JERRRE, B 10 L B BRI A 50 1 A1 1 [ 44 0 ik
BRI, 35 CHi R EERHWE . EHRE
it — s alifh, WU AL RE T R i B
PR R YA16-1,

1.3 EHEE
1.3.1 HEHRBFESHENE

FIRE YA16-1 AT LA 1%A9#EF 235 2 LB
WARRE IR B, 30 °C, 160 r/min K535 20 h )i,
HGE T 2 IRt RG2S s
FEHEAIEL ., B30 °C. 160 r/min £53% 20 h [
Wi 2 mL, 5000 r/min &.L> 10 min, F FiF.
WA FHZR IR YE 3 Ik, FHBERR 2% Mol is Uk
17, 15000 t/min B.00 5 min 3 F3& . B
Py Inad e sk R TR, TS, HN0.1%
I WE E 1 h, TN 0.5%)8 RV T
el 5 2 h, BTN 2.5%% A 4 °ClEl
SE 12 WY SRR S UEL T L AR ER
1.3.2 BEHREEAE LR

B35 uL BEREF 2] 13 Fhan o A1k
N [FLBE . HEENE . #am . ZEN.

B BRSO RIRERGE ) . IKRE . HoS.
BB LT ORME L R R W R
W, SRR RN B R R IR RS R, T
35 CCHEFEAR G R 18-24 h, WEIFiC 4531,
s 8% 7 He 55 7 48—72 h g4
1.3.3 E#kAY 16S rRNA EEHFFIH 7

JHi DNA $2HUR0 &R BUA PR YAL6-1 1Y
DNA, #4591k 16S rRNA H:[KE 514 27F
(5'-AGAGTTTGATCCTGGCTCAG-3")#11492R
(5'-GGTTACCTTGTTACGCTT-3") . PCR [ Jif
A Z (50 uL): PCR Mix (2x) 25 uL, . FiiE5]
¥1(10 pmol/L)4% 1 pL, AEA(204 ng/uL) 4 uL,
JCR7K 19 pL, PCR [ 5544:94 °C 5 min; 94 °C
1 min, 55 °C 30's, 72 °C 90 s, 30 MEH;
72 °C 10 min, PCR JZ4ikE TAEY) TRE(LTR)
JBe oy A RN W1 o 0 A5 B A T 81 4 48
GenBank #17 BLAST FuX), EBCHMRIMEF e i)
19 #Ep, f#F MEGA 7.0 3k{4: LA neighbor-joining
% F bootstrap analysis fJ 3 R G K B W
1.4 EFKTELSE B E & & AE L 8 il E
1.41 BEHMWEBTEEMVITIER

FhFHE LA 10% A 3Rl i $2 0 T A R Eh EE A
(3% 5% 10%F11 15%)F LB AR5 373
30 °C. 160 r/min $55%, % 4 h BGE & 5RO &
;H\: OD600 1Eo
142 BE#HRELEHDNE

Pl LA 20% i 42 H2 0 T S AR i A
SR (WIS S AW E R 55 mg/L, C/N H
20/1), 30°C. 120 r/min 3437 48 h. & I HUREM
S Tl 2SRRI Al 25 e
1.43 RIBEREMEKRIELEE DRI

Pl LA 20% 0 422 ol 42 A [ e
AR B S Ak AR 77 5L b (1) 46 i A B
BEE A 100, 150, 200 1250 mg/L), [RIEFHEES
FREh R, RIERE R C/N 2y 2071,
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30 °C., 120 r/min {5 5% 48 ho & W E il 25 &
VA A R
1.5 FEHREFREZGHAR
151 BE. pH REENEHKE KB

1) B X R R A A 5 T

FIF LA 10% MR R T LB iR AA S
FRFeh  FEARIIREE (20, 25,30, 35,40 Fl 45 °C)
T, 160 r/min 555 24 h KW ODeoo 18 -

2) pH X a R AR K Y 5

Fh T LA 10% A8 Fh &30 T AW pH (A
i) LB WA SR 5 rh o FEfE iR T, 160 r/min
Ki g% 24 h K B ODgoo fH(pH B . 4 1R-Z
FRENZE M : 4.0, 4.5, 5.0, 5.5 fil 6.0; MES
ZEMM . 5.0, 5.5716.0; PIPES ZZthif: 6.5,
7.0; HEPES ZE#pi: 7.5. 8.0; NaOH: 9.0,
10.0 1 11.0).

3) Fh TR R AE K A R

Pl DL 10% 14 42 5 42 Rl T W) 46
(0%, 2%. 4%. 6%. 8%. 10%. 12%. 14%.
16% . 18%F1 20%)f) LB A E; FE 5, pH N
Hid pH, 7EHIGIRE T, 160 r/min 3557 24 h
K B ODeoo 18
1.5.2 . KRN EKE KN

VEPE 15 FRERIR(ZTREN . A . HERE .
VER . BREZ . H . EORTEM . EARIR . 4
BELOHEE . BRI . KM FLBE. BORE. &£
DA 14 FABCERE . REEAK., &
B, BRPEREZ . RETREN . MERER . EOKRE . MPEE
RE . ZARN . AhEAK., TR,
TR RE L OEAEIREN), Hr, AR
Bic 5 FR R R 5 o/L ik B 10 /L, RAL
1bJ5 pH. ERJEANEREE, 160 r/min £53% 24 h £
Y)ﬂﬂ/ﬁ\ OD600 {Eo
1.6 ¥k~ 0 S0 UE 5E 14 )

ik YA16-1 F 30 °C. 160 r/min 1535 20 h,

DL 5% At Tk S R 5, 30 °C L 160 r/min
B R 84 h, KA R 0 FdhH 1k 4 4 7R e oy
PUSENE . S50 NaCl %K 70 /e i K
PLPE 2 ¥, 10 000 r/min &5.0> 5 min, fillA 5 mL
70 °CIH) 80% L B, T B0 103 e il £ VO & s g
30 min, 10 000 r/min &[> 15 min; 42 2 X,
IEWZ 10 mL F 50 °Cligz& T8, 3 mL #al
KEW ., RMAIENH: SB C18 (4.6 mmx250 mm,
5 um, Agilent), #i# 1.0 mL/min, FizZht A
(K), WEht B (4HE). WG] A:B 4
10:90, #Ei 30 °C, FliE4< 204 nm, #HHG
2 uL, {RPAEFA] 4 min, 181 R OB A % R
TR 11 D S I
1.7 9W#AEE

A R FH B RO B VR P2 5 5 A

2 Z£RE5%#

2.1 EH YAl6-l IR BEELEER
2.1.1 BEHESHEER

W YAL6-1 JEATHE 2 [RYegR, 25
UL 1A, W22 R . Wk
TS WE 1B, 0] 040 @ Ak 4+
Mo FRRAEFIERE SR N REEE S LA 1C,
WER TR T TE SRR R B, 12 B AR I PR V5 R [
B, B, hsotls, HAEZN 2.0-3.0 mm.
2.1.2 EHREEBEMIFHER

2 1 AlH, Hkk YAl6-1 BAfSiAk 5 B
PE, AKMEEREANE, AR AEmibE, Ak
FIRPRZE, Wb JRAsIREY, vl DL B s K g 2L
WL HEENE . BORE. OB, RPN RENE. BT
favl . AL, D EARA g Rk
HHRIPR YAL6-1 £ 6 3R 2 AF I (Brevibacterium
epidermidis)FFE .
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1 EH YAL6-1 FEZSHFENE A L BRI P ERMAIE S (10%100). B: SRS T HRAA
JEA5 (x5 000). C: BIKREIE SHEAE
Figure 1 Observation of morphological characteristics of strain YA16-1. A: Individual morphology of strain

under optical microscope (10x100). B: Individual morphology of the strain under scanning electron
microscope (x5 000). C: Morphological characteristics of bacterial colonies.

2.1.3 &k 16S rRNA EEFFI 54 70 MEERGEFR, W& 2 fis: Bk YAl6-1

16S rRNA TSI 1 397 bp, #5 5 Brevibacterium epidenmidis 5 Z %L, H

GenBank B FEIEATFIRIELEXT . IBK YAT6-1 oy i) 99.57%, #iiE Wbk YAL6-1 Jy ki

NI & (Brevibacterium sp.). FE{F MEGA FFHI(B. epidenmidis). Hikk YA16-1 Jgdafr
&, AT 5K FIR T

x1 FEBEEUWENER e . N R
- 22 EEETELSEE MO R R R R 1k aE

Tablel  Physiological and biochemical reaction

results of the strain 221 EHEECEMUTERRERE

A B A AR B Strain YA16-1 WE 3 T, HERE YAL6-1 7E 3%Eh T 4k
Physiological and biochemical indicators iy NN R )) AT s
FLB# Lactose N K e e, %ﬁiﬂim , HRXA 600 fEL AT iR
fili 24k 16 J5 Nitrate reduction + 1.54, [RIA, TR PR AR K T RE il R R A 395 4 o
FTHLFIEE Arabinose + 16, HAE 15%ME 36 F BRI AT A K, 7€ 48 h
A Glueose . Jidi ODgoo TELIKH) 134, YUK AR oA
Ak = Hydrogen sulfide - N . X N .
JRZE Urea - m TR RE T, PIAE N m R IR . Wang 5
T #% Mannose + Ay BRI R SRS AL AN TR F1 fem vl a2 7%5k
e oearne : FE, BRI TTAE 1% R IR R R R
b Fruct + e . § -
A Xylose. ' J1. Cheng 5PN SE IR K A5 5 T 52 8
£ 5 Heptaoside + W F2 B Al 52 7%E0 8, i I 7E 3%Eh T
221k Maltose + IREF BRSO RSILRE S . bk YA16-1 X351
AR Sverose ' 4 22 B 1 R T bk F1 AR bR E2. LR AT 15%
B i ik Gelatin liquefaction - )

e OPAME. - PR HETNTRGAER, FHFHAE3%EEET 1I8sh N
+: Positive; —: Negative. Bt 97% 1 it 7 UL Ak B A 7S AL , 1 B h 4
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YA16-1 (0Q921818)

Brevibacterium epidermidis NBRC 14811 (BCSJ01000023)
Brevibacterium sediminis FXJ8.269 (KX356313)
Brevibacterium linens DSM 20425 (X77451)
Brevibacterium permense VKM Ac-2280 (AY243343)
Brevibacterium iodinum NCDO 613 (X76567)
Brevibacterium siliguriense MB18 (AM937247)
Brevibacterium oceani BBH7 (AM158906)

40

83

Brevibacterium ammoniilyticum A1 (JF937067)
100 [Brevibacterium celere KMM 3637 (AY228463)
Brevibacterium sanguinis CF63 (AJ564859)
25| ——————Brevibacterium casei NCDO 2048 (X76564)

Brevibacterium marinum HFW-26 (AM421807)
Brevibacterium picturae LMG 22061 (AJ620364)

14 ﬂbacwﬂum aurantiacum NCDO 739 (X765606)
93 Brevibacterium antiguum VKM Ac-2118 (AY243344)

100

1001

Brevibacterium sandarakinum 01-Je-003 (FN293377)

Brevibacterium avium NCFB 3055 (Y17962)
Brevibacterium luteolum CF87 (AJ488509)

Brevibacterium pitvocampae DSM21720 (EU484189)

————
0.002 0

Brevibacterium daeguense 2C6-41 (HQ246162)

B2 E#k YA16-1 T 16S rRNA EFEFFMENRAZLER ¥ 5T HF5FRRIZETE GenBank
B e BT 3 BTN BE R b RAURE L R
Figure 2 Phylogenetic tree constructed by strain YA16-1 based on 16S rRNA gene sequences. The serial

number in parentheses indicates GenBank accession number; The number at the branch represents the
confidence interval; The scale represents the coefficient of genetic variation.

200r T B4 I WAL BE T . R YA16-1 BA
L3y 7 T Ak B 2 SR AK O T

Lo : 222 BEARERSLE

| i 4 T, 7E 3%EE T, Ebk YAL6-1
ggg e TEHFRZE 6 h INASS ALK 69%, 18 h
.| ~SUNaCl R A U A T 2 97%, I RS L
| ——15% NaCl BER TR I B b T A PR R T I
0.00 G, RS R A R A, I s

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (h)

B3 Bk YAl6-1 EARRIEE THEKIFR
Figure 3  Growth of strain YA16-1 at different salinity.

R LIS SRS, 7 24 h Z)5hY
BRGEREM, PP EH, #itk ZD-8
WHARE 6 h EFKRI RS, ZEBH
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-=NO, o NO,™ enrichment rate g

= = NO;~ -
70~ —==NO, = NO;™ removal rate 100 dé
= 60 S NS En -
E e H % 5
:_E: 50+ .‘gr— ; g \;'I 4170 E
5 40l IEWIEHIE | 160 &
= HIITH = | | e
3 30f HIBE = - 2
6\ H IR E — 140 5
> 20 sHIENIE = =
= T~ || H ] - 30 :
S 10f EhEIE | 120 2
ot H |BTE HI| 11 B
2 24 36 48 g
Time (h) “

B4 B YAl6-1 RAHILBE
Figure 4 Denitrification capability of strain YA16-1.

BEAK, ST 45 ARl (W] i A 30 5k Ak
Tt B I SR Ak A e e, AR AR 2
B Rk ) e A, TF B P iR E X B0 B R
A A 25 RO AR gk oA K PO ke il 4 P70
B AE ApE v B T, 45590 % PR Ak
Acinetobacter johnsonii ZX, TE{R M2 170 i & 2K
H 86%, TENMMLIETT AR A REH] 93%; W
¥k Pseudomonas putida ZF; FEIRHIzT 1) M A
R 83%, FEIRHLIZTTAR MM A RILE] 91%,
AR BA MRS R, (H AR 5 B bk
YA16-1 RS A A8 TR . A I e WK C/N &
BHN10/1, ZEREPAE 48 h BT S A EBRFE R
H 78.3%, ERH C/N LX) # bk e 1A %
M. JEER R ARG R O/N X B RRAS S AU
AR AGE M, C/N TE 5.0 ZEAI LBRECRF
B 50%, 24 C/N KT 75 RGEXTRS SR LBk
FAK 70%.
223 RIBREMNEHKRBELENNEZRER
AN TR e A B il 2 RO B AR S A AL BE 1
— BRI . RN S B 24 h BORE I A A
RAAH SRS . G5 RANE 5 R, 18 3%
JETT, I 28 U Ab 2 Bl ) 0 il A8 Rk
FE YGRS E R E A 200 mg/L

F, Ttk 48 h WA S AR FIKE] 93%, 1)
ARG A EREE N 250 mg/L I, TRk 24 h RS
RILF- A, uEBHZIR & o, ARG
PEAR R, TSRS AR RE i . ] [ 5 2 0%
RAFAEE SR ZLVEAT T 04k, DL NaNO, i &k
Na;CsHs0,-2H,0 ik . pH{E K 7.0, N
30 °C., %34 160 r/min, 755Kk AR K
96.5%, SGAII A RMMEE R . R4
RS T B, HAD S AR s, E
AR B AR SR AL BE ) S5k . 22 b R R X Ml 52 i)
PRI SRS AR EE 1, 2RPEPOMBE S R . Fe¥'
Xt BRI SRS AL BE 1A A, 24 Fed Wk E
KE 15 mg/L B, EARJLFEE AR, 5k
T Fe™ Bk s RILTE T T 30%; 11 R = %50
GE T BB IREE O B AR SR AL R 5, Y5
A 50 r/min B, FESEZEBRE R 9.19%; M5
T2 100 r/min B, S S A LBRE R 93.33%;
MEEH AL FTFE 150 r/min B, S ERBR R
499.35%. SR Y S AF A3 B A 2 TR A AR A
I DAl 2 G P — 25 A S R T AR
AEEAESAER, R YAL6-1 ARRESERE A
FEARAE R, 120 32 BB A A SR A 2
Aok S RS AEVE o W5k BIR A  E Ak
(anammox) [ fE LA NO, E A B 52 /4K NH, &
PERGR S o B it ity 2 130 3 e A A Ak - DR R R
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Figure 7 Liquid chromatography results of ectoine-producing strain YA16-1.
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