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LI Huixian' FAN Weilin"*®  XIANG Qi"*’

Abstract: [Background] With the environmental features of high pressure, low temperature and no light,
deep sea areas contain abundant and characteristic microbial resources. [Objective] This study aims to
isolate and screen aerobic denitrification bacteria strains with high denitrification efficiency from deep sea
sediments, and reveal their denitrification characteristics, so as to provide material basis for the
development of water denitrification microtechnology. [Methods] In this paper, deep-sea sediments from
10 stations in the East Pacific Ocean, South Atlantic Ocean and Southwest Indian Ocean were used as
research materials. Two consecutive rounds of enrichment culture were carried out with inorganic nitrogen
at 28 °C. The strains capable of removing ammonia nitrogen, nitrite nitrogen and nitrate nitrogen were
isolated, purified and screened by their qualitative denitrification capacities. The obtained strains were
preliminary identified and classified through morphological and 16S rRNA gene sequence analysis. The
growth and denitrification performance of the obtained strains were quantitatively studied in the media
with ammonia nitrogen, nitrite nitrogen and nitrate nitrogen as the only nitrogen source, respectively.
[Results] A total of 49 aerobic denitrifying bacteria were isolated from 10 deep-sea sediment samples, of
which 3 strains, designated Pseudomonas sp. G111, Pseudomonas sp. G112 and Dietzia maris W023a,
showed high denitrifying efficiency under aerobic conditions. Strains G111 and G112 shared 16S rRNA
gene similarities of 99.2% with Pseudomonas bauzanensis BZ93". The 16S rRNA gene similarity between
strain W023a and Dietzia maris ATCC 350137 was 99.9%. After strains G111, G112 and W023a were
cultured for 48 hours, their removal rates of ammonia nitrogen were 98.0%, 85.2% and 97.6%,
respectively; their removal rates of nitrite nitrogen were 71.9%, 67.5% and 34.7%, respectively; their
removal rates of nitrate nitrogen were 66.0%, 52.6% and 34.7%, respectively. Strains G111, G112 and
WO023a are three heterotrophic nitrifying-aerobic denitrifying bacteria. These strains could reduce nitrite or
nitrate to nitrogenous gases by using aerobic denitrification, and convert ammonia nitrogen to nitrogenous
gases by using heterotrophic nitrification-aerobic denitrification. [Conclusion] In this study, three strains
of highly efficient aerobic denitrifying bacteria were isolated from deep-sea sediments, and the obtained
strains have application potential in water purification, sewage treatment, ecosystem restoration.

Keywords: deep sea sediments, denitrifying bacteria, acrobic denitrification, nitrogen removal performance
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Table 1 The information of ocean deep sea sediments

3 B 7 2 e S SR LT, AN AT Ry B I R
FEPRAEIIIR RN H AR S, I W] g [ R R A
FHER L) o A

AMEIE LR PEGRHFTIRR I X 4, & alidb i
i e ELA U AU S AL BE T AT, F XL T
RVERERISY , DU A BB AT LA A
REDLBR Y D RE PR
1 MRS
1.1 RGN RYHR

TEFRE RPERI S 26, 32, 39 F1 40 ATy,
K5 WHS TR EL 10 SRR K
SR EEORPUTE . VU R BRI R AR TR TN
Y10y, FEST 4 °C RAFRFA . TRAIFE S S B L
=1,
1.2 EHFE

BeFR A0 )7 22 Zhang 42% ) BAAINT .

BRI (L) BN 2.5, KA
fREH 2.5, NaNO, 1.0, KNO; 2.0, K,HPO, 1.0,
KH,PO, 1.0, MgSO47H,0 0.2, pH 7.4, 1x10° Pa
KE 20 min, BHFEM 1% (EBSEOME Ak
P 0.2% (ABUMOME SRR . 0.2% (1K
BRI T RIS o Tl 28 [ ACTAR S in Bt
BEZE 1.7% (B AR50

Samples No. Territory Longitude Latitude Depth (m)
S08 Southwest Indian Ocean E 50°21.6' S 37°7.0" 1902
S06 Southwest Indian Ocean E 46°58.1' S 38°42.9’ 2 969
S18 Southern Atlantic Ocean W 14°31.0' S 13°35.6" 3051
G12 Southern Atlantic Ocean W 12°42.0' S 18°28.8’ 2 146
MAB Eastern Pacific Ocean E 157°46.4' N 13°13.6' 5848
W02 Eastern Pacific Ocean E 162°12.9' N 15°34.7' 2 687
S85 Southwest Indian Ocean E 54°18.0' S 34°48.2' 3272
S88 Southwest Indian Ocean E 49°47.9' S 37°56.1' 1535
S16 Southwest Indian Ocean E 52°56.3' S 35°54.1' 2 813
Gl11 Southwest Indian Ocean E 52°59.1' S 35°58.6" 2 645
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i LTS24 16S rRNA 3 (K31 44 084 143
KUEGER 3). EBEREFER L, Wik Gl11
WEEAL A, BN, g, Rt
T, B, e B RIS SRR T AN R AR
Wi tE MR, A/NR(0.5-0.6) pmx(0.7-0.8) pm;
G112 Wk K AR, FEIEAMNE, AR,
T T, ANE, Jod B g s T 240
SRR, WomAHE, K/NR(0.5-0.6) pumx
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RN, FRKERIEEH , b BB AE S 5T
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Wk G111, G112 5B RR Pk AR 5 7
Pseudomonas bauzanensis BZ93" ] 16S rRNA X
DAL 0 ARARL P fc v L ARBLEE S 99.2% , H: 16S rRNA
FEF S E 4R 42 2 NCBI A L84 4, GenBank
BES0Hh MW617256 il MW617257., LA
P G111, G112 KT 2 Wk 1) 16S rRNA JEH
ARG K E W 2A). 45RERW, Rtk Gl
G112 Ao T {2 B e BT Jes A5 2 b 4 i 1) 2 Ak 43
S, W H Y Pseudomonas bauzanensis BZ93"
RGO R IR AR AR SCHR R B , Pseudomonas
bauzanensis BZ93" JLhili iR £ 14 JFLRE 11200, R,
ZEA 75 1 16S tRNA KL [F 51 AH AL B2 FAK R &1 18
JFRE 25, B LR 2 bRk R a2 N
Pseudomonas sp. G111 Hl Pseudomonas sp. G112,
itk W023a 5 AR X RIS Dietzia
maris ATCC 350137 ) 16S rRNA %[ 5 51 #Hf2)
Phfe s, MU N 99.9%, HNILE @4 N Dietzia
maris W023a (& 2B), H: 16S rRNA X:[H F4IE
$E 2% NCBI A 384z FErf, GenBank % 5¢5 Ny
MW624378.,
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Table 2 Qualitative analysis of denitrification capacity of 49 denitrifying bacteria which were isolated from deep sea sediments

Strains 140 mg/L NOs3 -N 140 mg/L NO, -N 140 mg/L NH,; -N
NO; NO, NH;  Gas NO, NO; NH, Gas NH,,° NO, NO;  Gas

S061 A 3 = = SHHE = = = SHHE = = =
S062 A i = = A = = = A = = =
S063 A A = = A = = = A = = =
S064 A 3 = = A = = = A = = =
MABI1 A 3 = = S = = = S = = =
MAB2 +++ s = = ininis = = = ininis = = =
MAB3 A ++ = = A = = = A = = =
MAB4 A 3 = = S = = = S = = =
MABS +++ s = = ininis = = = ininis = = =
S081 A A = = A = = = A = = =
S082 A 3 = = A = = = A = = =
S083 A i = = A = = = A = = =
S083a A A = = A = = = A = = =
S084 A 3 = = A = = = A = = =
S084a A 3 = = S = = = S = = =
S084b A i = = A = = = A = = =
S085 A ++ = = A = = = A = = =
S086 A ++ = = S = = = S = = =
S086a A i = = A = = = A = = =
S088 A A = = A = = = A = = =
S181 A ++ = = A = = = A = = =
S182 A 3 = = S = = = S = = =
S183 A i = = A = = = A = = =
S851 A 3 = = A = = = A = = =
S854 A 3 = = S = = = S = = =
S854a A i = = A = = = A = = =
S855 A A = = A = = = A = = =
S856 A 3 = = A = = = A = = =
S8510a A 3 = = S = = = S = = =
S8512 A & = = A = = = A = = =
G111 A 3 = + = = = 3 A = = =
G112 A 3 = + = = = 3 S = = =
G113 A i = = A = = = A = = =
G121 A & = = A = = = A = = =
G122 A 3 = = A = = = A = = =
G124 A i = = A = = = A = = =
S883 A ++ = = A = = = A = = =
S884 A 3 = = A = = = A = = =
S885 A ++ = = S = = = S = = =
S181 A i = = A = = = A = = =
S182 A & = = A = = = A = = =
S183 A ++ = = S = = = S = = =
S183 A i = = A = = = A = = =
S184 A & = = A = = = A = = =
S184a A ++ = = A = = = A = = =
WO021 A 3 = = S = = = S = = =
w022 A i = = A = = = A = = =
w023 A 3 = = A = = = A = = =
W023a - + + - - - +++ - - -

Vs AFECE I+ FROR A RBEE QR (EAE); — BIPECRAELE

Note: Different amounts of +: Different degrees of positive (presence); —: Negative (absence)
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Table 3 The colonial morphologies and taxonomic identification of the three denitrifying bacteria

Strains Colonial morphology

Type strain Similarity (%)

Pseudomonas sp. G111
semi-transparent

Pseudomonas sp. G112

Dietzia maris W023a
regularity, semi-transparent

Milk white, circular, convex, smooth, regularity,

Off-white, roughness, irregular, non-transparent

Salmon pink, circular, convex, smooth,

Pseudomonas bauzanensis BZ93" 99.2

Pseudomonas bauzanensis BZ93" 99.2
Dietzia maris ATCC 350137 99.9

1 &8k G111, G112 #1 W023a B E Z B AR

Figure 1 The colonies and cells morphology of strains G111, G112 and W023a
: a. b. c: G111 G112 Fl W023a IH7ETEA; d. el f: BESTAEN GI11. G112 1 W023a 4HMIEA; g. h. i: Jet Bl

T G111, G112 1 W023a 40 iE s

Note: a, b, ¢: Colonies of strains G111, G112 and W023a; d, e, f: Cells of strains G111, G112 and W023a under the transmission electron
microscope; g, h, i: Cells of strains G111, G112 and W023a under the optical microscope

2.3 E# G111, G112 1 W023a Bt R4
B G111, G112 Fl W023a 43 HlF T
AR EER R MEAC B, A4 EH
Frgedk, AN[EBE SR E] S A S TR ODeoo
W E AR AR, ASE . AW, K 3A 45
RER, HRk Gl 7E 140.8 mg/L NO, -N JHyiff—

RIS TR SE 48 h IF, Rigedt Ei Wb NO, -N
W PR ZE 39.6 mg/L, MAFEMKE 37.0 mg/L, H)
RN NOy -N BYBEER A 71.9%, Ml b
NO; -N g NH,-N 7=, Hrp# A0 R R R
N 59.6 mg/L; AU FIF RS A AW AR
A=t FIERS AR R A SR TR
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Pseudomonas oleovorans subsp. lubricantis RS1" (DQ842018)
Pseudomonas granadensis F-278770" (HG764746)
98- Pseudomonas pachastrellae CCUG 46540 (MUBC01000081)
71Pseudomonas sabulinigri 164" (EU143352)
Pseudomonas xinjiangensis S3-3" (EU286805)
100|- Pseudomonas oceani KX 20" (KT449732)
64L pseudomonas turukhanskensis IB1.17 (KP306892)
Pseudomonas populi KBL-4-9" (KC609749)
88— Pseudomonas alcaliphila JICM 10630" (FNAE01000025)
{ Pseudomonas salina XCD-X85" (KC762324)

100 Pseudomonas aestusnigri VGX014" (HG004394)

99 — Pseudomonas pertucinogena IFO 14163" (AB021380)
96 Pseudomonas formosensis CC-CY503" (JF432053)

Pseudomonas pelagia CL-AP6" (AROI01000066)

98 84 Pseudomonas xiamenensis C10-2" (DQ088664)
Pseudomonas litoralis 2SM5" (FN908483)
Pseudomonas bauzanensis CGMCC 1.9095" (jgi.1058068)
6 | |Pseudomonas sp. G111 (MW617256)
100! Pseudomonas sp. G112 (MW617257)
Halomonas elongata DSM 25817 (FN869568)

49

100

50

B Dietzia maris DSM 43672" (X79290)
Dietzia maris W023a (MW624378)
Dietzia kunjamensis subsp. schimae YIM 65001" (EU375845)
Dietzia kunjamensis subsp. kunjamensis DSM 44907" (RAQB01000007)
Dietzia alimentaria 72" (AGFF01000033)
Dietzia psychralcaliphila JCM 10987 (AB159036)
99@1’&21’(1 cercidiphylli YIM 65002" (EU375846)
83— Dietzia natronolimnaea CBS 107.95" (X92157)
92|\ Dietzia aerolata Sjl4a” (FM995533)
93| |92— Dietzia aurantiaca CCUG 35676" (FR821260)
Dietzia lutea YIM 80766" (EU821598)
( Dietzia cinnamea IMMIB RIV-399" (A1920289)

100% Dietzia papillomatosis NBRC 105045T (BCSL01000097)
———————— Dietzia timorensis 1D05-A0528" (LMTB01000088)
ﬁ‘:Rhodococcus coprophilus NBRC 100603" (BDAM01000020)

Rhodococcus rhodochrous NBRC 16069 (BBXP01000056)
Rhodococcus cavernicola C1-24" (MK312464)

89 99 — Rhodococcus agglutinans CCTCC AB2014297" (RKLP01000019)
__L;Lkhodococcus hoagii DSM 20295 (LRRF01000147)
80

99

Rhodococcus gannanensis M1" (KX887333)
Rhodococcus olei Ktm-20" (MF405107)

70— Rhodococcus erythropolis NBRC 15567" (BCRM01000055)
971" Rhodococcus qingshengii JCM 15477 (LRRJ01000016)
—— Rhodococcus globerulus NBRC 14531" (BCWX01000023)
Rhodococcus maanshanensis DSM 44675" (jgi.1102286)
——— Rhodococcus manhaiensis SCSIO 10187" (JN582175)
Rhodococcus marinonascens NBRC 14363" (BCXB01000074)
Rhodococcus wratislaviensis NBRC 100605 (BAWF01000105)
Actinomyces bovis NCTC 115357 (X81061)

B2 E# Gl11. G112 #1 W023a BIRF L B W

Figure 2 The phylogenetic trees of strains G111, G112 and W023a

T A: Wbk GLILL GLI2 FITEERAY 16S rRNA JEPPAI RS L HR; B: Wbk W023a AL FFRAY 165 rRNA JEN 751 5
GiR B R NI B . Bootstrap & 1 000 K TS LA F NS4 A5 B o] Actinomyces bovis NCTC 115357 # 16S rRNA
JERE NSNS

Note: A: Phylogenetic tree of 16S rRNA gene sequence of strains G111, G112 and related strains; B: Phylogenetic tree of 16S rRNA

gene sequence of strain W023a and related strains. NJ method was used to build the tree. Bootstrap self-unfolds 1 000 times to calculate
the confidence of evolutionary tree topology. The 16S rRNA gene of Actinomyces bovis NCTC 11535" was used as the external reference
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PR G111 FE#E1T NO, -N BBRET, 552/ &)
54.0%H1 46.0% 7 AL MR A M IS S K 3B
RN, Bk G111 7E 144.4 mg/L NO; -N M
— RIS T REFE 48 hif, B 372 B NOs N
WL MR 49.1 mg/L, M AMERZE 50.0 mg/L, R
X NOs -N iR %H 66.0%, it #r o
NO, -N 8¢ NH, -N /=4, Ho o miAR & W
WA 53.0 mg/L; R-VHEHTER], Wtk G111 18
AT NO3 -N JBEBRAT, 2/ MR 55.2%F
44 8%y AL IR A A TE A . B 3C 4578
/N, Bk G111 1ELL 141.6 mg/L NH, -N JyE—2%
TRAUE T 53R 48 h I, BE3R3E 1 E W h NH, N ¥
FERERE 2.8 mg/L, RAREKZE 26.5 mg/L, EIiZ
AKX NHy'-N PIBEBREE, 98.0%, Mt fEh It
NO, -N 5 NO; -N 5=z, Hh b h A 1)
WO 67.7 mg/L; A VMR, Wk G111 7E
A3 T NH, N BEBRET, 208/ MR 57.9%
1 42.1% 50 AL R R AR AR US A

K 3D g5 5N, Btk G112 78 138.7 mg/L
NO, -N MME—HIE A T R 3% 48 h i, Kigrdt b
THHH NOy -N WREEFEALE 45.1 mg/L, RAMEK
% 493 mg/L, HHZBEHRXT NO, -N MR %N
67.5%, it FEJE NOs -N 3 NH,-N f9774E, 3
T AL S TR AR R 57.4 mg/L; BT
B, TAHE G112 21T NO, -N JBiBRET, feZsi/b
MAERN 58.6%A 41.4%5 AL N B AR Z A
Ao K 3E B8R, Hik G112 £ 142.5 mg/L
NO; -N AME—RIEAAF T REFE 48 h i, gt b
T NOy -N WKFEERFIRZ 67.6 mg/L, BAIELE
72.3 mg/L, BZBEFEXT NO; -N IR K 52.6%,
IR JE NO, -N B NH,-N 524z, Hoh ik
WERE MR 52.7 mg/L; BCEATANTRV, B
Pk G112 7E#E1T NO;y -N JBBRET, 2/ S A
T1.1%F1 28.9%51 A5 AL A TR IA R SR B 3F
2R ER, Bk G112 76 135.1 mg/L NH, -N KyiE—
RIREAF T HFE 48 h i, BEgR3t R3S NH, -N
WeERFARE 20.0 mg/L, MAMEMKE 29.7 mg/L, Al

ZRE M NHy N B BERR%N 85.2%, MRt
NO, -N 5 NO; -N 5=, H b b A& 1)
A 67.7 mg/L; RVHHTERY], Wik G112 18
A3 T NH, N BEBRET, HeZ208/0 MR 59.5%
1 40.5% 53 AL R PR R AT A .

Kl 3G 53R Bon, Fk W023a 7F 142.7 mg/L
NO, -N JME—HIE 551+ T 557 48 h B, #5373
W NO, -N W FEERF(RE 93.2 mg/L, BA K
% 98.5 mg/L, BZBEMRXT NO, -N MIiFRE A
34.7%, Mt s JE NOs -N B NH, -N 7= 4,
HA AL IR R A RN 47.9 mg/L; B4 Hr
LW, Ftk W023a FEHEAT NO, -N BEBRAT, f2e
/D SR 95.2%F 4.8% 53 B4R R TR EUFI S,
A% Bl 3H 53R B8, WPk W023a 7F 149.6 mg/L
NO; -N AME—RIESFF TR SR 48 h B, 555k b
T NOy -N WK EERFIRZE 65.4 mg/L, BAMIKLE
72.9 mg/L, BHZE RN NOs -N (I RFE N 56.3%,
IATFR TG NO, -N B NH, -N (1774, Hrh %4k h
EAREME R 51.9 mg/L; R-FHarEl, Wik
W023a 7E#E T NOs -N BiBRET, 2 B amn
69.8%F1 30.2%53 A A RIA A M ER . Bl 31
g5, FRE W023a 7E 148.1 mg/L NH,'-N hyfE
— BB RFE 48 h WF, BRI W
NH4 N ¥R EEFEALE 3.6 mg/L, AL E 27.9 mg/L,
R B R NH, N B9 BEBR 2R 97.6% , iz ad 72 o
JC NO, -N 3% NO; -N 7= 4E , Hp# b A i AR
)i 89.7 mg/L; A4, Witk Wo023a
FE4 BIHEAT NHY'-N BiBR A, fe &0/ BA
75.7%F1 24.3%53 5 55 AL R AR RS A

R G111 F G112 TEMEBRE A BB 7 24
o MHEFE 2 FIE 3, W G111 F G112 JBEBRAY
AR )= RS A, (H A A R
—HiRJE, AR, FEik Gl 1 G112 R
RO A 25 R B A, T BAS = A i A AN
AR SAREIEEE SR A 4, £ 4), W
G111 1 G112 TEAERRERIEF= b A B AR L
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Figure 3 The growth trend and nitrogen removal characteristics of the three strains in NO; -N, NO, -N and NH,"-N

culture medium

H:a. b, oc: BFE G111 435I7E NO, N, NO; -N il NH,'-N #5558 A K # R AR d. e £ WAk G112 433178 NO, N,

NO; -N Il NHy-N B 7e kA KO R B AR g0 by e
PLE e s

Rk W023a 23 175 NO, -N. NO; -N Fll NH, -N §% 3% 3 v A= K $4

Note: a, b, ¢: The growth trend and nitrogen removal characteristics of the strain G111 in NO, -N, NO; -N and NH,'-N culture medium,
respectively; d, e, f: The growth trend and nitrogen removal characteristics of the strain G112 in NO, -N, NO; -N and NH,"-N culture medium,
respectively; g, h, i: The growth trend and nitrogen removal characteristics of the strain W023a in NO, -N, NO; -N and NH,-N culture medium
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Figure 4 Identification of gas produced by strains G111
and G112 in nitrite medium by gas chromatography

e A WRREH, BEREREG RS B Rtk G111 7EMEMNAR
EEEFRIEP AR C: Btk G112 7SR ER B FR S
A IR

Note: A: Control group, the sample is air; B: Gas produced by

strain G111 in nitrite medium; C: Gas produced by strain G112 in
nitrite medium

SR P (e WA, HAT BB BB T
BRI TURY 22 7 (A Pyl B2 h T K
AW SR ) s A R T (AN BEAT R, (EARSC
B E TR TURU PP 20 B 3RS T B e A B A R
Fadm i A i OB R AR 3 AR CHLA

4 HK G111 0 G112 ELHEBREBIEREP 4R
SRR 5 Bt 15l

Table 4 Composition and proportion of gas produced by
strain G111 and G112 in nitrite medium (%)

Samples N2 0O,

Air 78.92+0.32 21.08+0.32
Gas produced by G111 85.72+0.26 14.28+0.26
Gas produced by G112 84.53+0.27 15.47+0.27

EIN)i R € Y 7 e B S W A
BRI I RS it dE 5

L3 R E, M 49 BRI RS IR AR E
3 tREHEREIR AW A TR AT o Pseudomonas sp.
G111, Pseudomonas sp. G112 F Dietzia maris
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MR- 38, BIPE G111 Fil G112 7EEA T
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REAE A RS AL & AR, il 7
RS IR A -AF RS AL I RE T . AR W023a
FEEAT A A A BR B, BB R K 4y
(95.2%) 55 A BRI, RIBERR 9 S S LA HLAY
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NO; -N—NO, -N—-NO—-N,0—-N,, Ifi HEIZER
H NO; -N—-NO, -N i # 1] BEX WA R Hh itk — 25
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RS — R S SR - A R A AL D RR TR .
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