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Abstract: [Background] Tetragenococcus halophilus is a halophilic lactic acid bacterium detected in
fermented food. Investigating the arginine (Arg) metabolism of this bacterium is of great importance for
disclosing the mechanism of the accumulation of ethyl carbamate (EC) precursors during food
fermentation and ensuring food safety. [Objective] To identify the key genes of arginine deiminase
(ADI) pathway in the genome of 7. halophilus strains isolated from soy sauce moromi mash, and to
reveal the roles of these genes in arginine metabolism and utilization and accumulation of citrulline (the
EC precursor). [Methods] The key genes involved in ADI pathway were identified for different strains
by PCR amplification and sequencing. The transcription levels of key genes of ADI pathway and the
activities of corresponding enzymes were compared to reveal the effect of environmental factors on
amino acid metabolism and the role of each gene. [Results] The genes associated with the ADI pathway
in the genome of 7. halophilus included two categories. One contained intact arc operon genes and had
the most copies, as represented by strain R23, and the other lacked arc4 and arcB but had multiple
copies of arcB and arcC, as represented by strain C3. Only the strains with arcA4 in their genomes can
utilize arginine to produce citrulline. Whether the intermediate product citrulline was accumulated with
the utilization of arginine by 7. halophilus was affected by the content of arginine and the presence of
ethanol and fatty acids in the medium. 7. halophilus accumulated citrulline when arginine was more than
5 g/L or ethanol and fatty acids were present in the medium. In the presence of fatty acids and ethanol,
the activities of ADI, ornithine transcarbamylase (OTC), and carbamate kinase (CK), the key enzymes of
ADI pathway, were significantly reduced by 41.0%, 46.4%, and 60.0%, respectively. The transcription
level of arcB in T. halophilus was 10.5 and 29.8 times as high as that of arcB; and arcB,, respectively,
and the transcription level of arcC was 17.6, 20.3, and 23.9 times as high as that of arcC,, arcC,, and
arcCs, respectively. The results demonstrated that arcB and arcC played major roles in citrulline
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metabolism. [Conclusion] Arginine content and the presence of ethanol and fatty acids are key

environmental factors influencing whether citrulline can be accumulated by 7. halophilus when

metabolizing arginine. Among the multiple copies of arc operon genes in 7. halophilus, arcB and arcC

play key roles in citrulline metabolism.

Keywords: Tetragenococcus halophilus; arginine metabolism; citrulline; ethyl carbamate; arginine
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Figure 1

The arginine deiminase pathway. ADI: Arginine deiminase, encoded by the acrd gene; OTC:

Omithine transcarbamylase, encoded by the acrB gene; CK: Carbamate kinase, encoded by the acrC gene.
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Table 1 Analysis of utilization of arginine and
citrulline by Tetragenococcus halophilus
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Figure 2 Characterization of arc genes in Tetragenococcus halophilus.
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Figure 3 Comparison of utilization of arginine and citrulline by Tetragenococcus halophilus with various
arc genes. A: 5.0 g/L Arg+4.0 g/L Cit; B: 5.0 g/L Arg+4.0 g/L Cit+2.5 g/L fatty acid (oleic acid, linoleic acid,
stearic acid)+20 mL/L ethanol; C: 4.0 g/L Cit; D: 4.0 g/L Cit+2.5 g/L fatty acid (oleic acid, linoleic acid,

stearic acid)+20 mL/L ethanol.
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CK BfE RS20 [:2.0 g/L*%/ﬁﬂfi; II .

3.0 g/LAEZRR; 1. 5.0 g/LKGZIR; IV: 2.0 g/L AR+

2.5 g/L IENiBRIR SRR GIER . TIMER . W IERR)+20 mL/L L. AR/NG PR R4 M A B EEE

5 (P<0.05)

Figure 5 Effect of cultivation conditions on (A) transcription levels of arc4 and arcB and (B) activities of

ADI, OTC, CK in Tetragenococcus halophilus R23.

[:2.0g/L Arg; 1I:3.0 g/L Arg; III: 5.0 g/L Arg; IV:

2.0 g/L Arg+2.5 g/L fatty acid mixed solution (oleic acid, linoleic acid, stearic acid)+20 mL/L ethanol.
Different lowercase letters indicated significant differences among different groups (P<0.05).
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2.5 T. halophilus R23 %32 DI B F K
TS

N T ## T. halophilus R23 FEHZHH arc
operon -+ D1 Kk PR 75 HOKS 2 R A Hh BT ke 1 4
., W TIEW &SR T. halophilus R23
1) ADI i&fe 2+ N B 5L sk ¥ HEl 6
Al AL, arcB ¥ 5K B & arcB, Fl arcB, i)
10.5 1 F01 29.8 £, UL HITEME A I Z R 73 A A5
Y areB FEFEFEEN . @K arcC
N H 2288 DL IE I B9 sk BB, areC )% 5§
HAOBEEZHEEIN LR arcCy. arcC, M arcC,
9 17.6. 20.3 F1 23.9 £, Ui BIAE 53 2 H e
W2 = ATP [, areC 3 A 32 245
(Bl 6) VA LS5 RUIHT, B AR IS ER DO Ik T 5L ]
A& Z¥ 0] arc operon KK, {H arcA . arcB
M arcC &t ADI A 2 R F 24E
A

350

30.0 ‘

25.0 +

20.0 +

Ratio

15.0

10.0

50+

0.0 I . I . I . I . I )
D D (& () m
e O O ) U
‘b\O\ ‘b\@\ C\()\ C\()\ C\()\
0:(0 0‘5(/ 0‘5(/ 0“‘-0 0»1"0

6 Tetragenococcus halophilus R23 E[X A
arc operon %5 DIE E 4% R K FHIEL I
Figure 6 Comparison of the transcriptional levels
of arc operon multiple copies gene in
Tetragenococcus halophilus R23 genome.

3 wE&#

FLIR T & 2 15 8 & T 1Y) 5 8 1) e 4
PR o BIFSEFLRR R R B b K i ARl . ADI k4
AORE A RACHIRAE AL, XPAL S S il R
I 2 755 0 ) 2 5L 1 IR S R4 =R AR 3R
AXRAAEEZ L, AW ERERTN Bacillus
amyloliquefaciens . Staphylococcus pasteuri FIF|,
BR B Pediococcus acidilactici 5 Lactococcus
garvieae ¥JHA 524 ADI 21tk ADI &
TR RINEIR . 3245 W AP TET 5 Hh =2 B A i
(IS, ZF AT TR N L BR TR Bl IR S T 15 b A
P S 8 A N R 1 22 sk & B0 SR,
PP 2 AR 2 R A5 DR 3 ) 2 e HLAT ADI &
A2 110 240 o A 34 22 Rk R R TR i IR AH DG 8 6 1R H
B ATERE . S R R h HAT ADT iR A2 1)
W FEE NFLFFE (L. plantarum . L. hilgardii, L.
diolivorans . L. brevis . L. casei Fll L. fermentum),
EAMEPE AR RE 1 52 6 BA arcd LA
P2 B ARG WS SR T 4 A R TR
LR T AR 2 R A5 2R 52 pH AL
SRR, (XS R ADI A i R
JI RN DR e R FE ML A+ ar i AR Y
& IR 2 T T ADT AR AR RS & iR I+
ZINEARR NI R W F B P. acidilacitici |
Weissella F1 T. halophilus . £5 W8 FE FE 2% i
FLIR A Wi FASZ ) P. acidilacitici #1 W. confusa
MHE R B NE R AR R R, M
I3 35 P 1) A0 S £ T K IR IR AR T
halophilus TEWNEA ADI &4 0414 8 5
FIRNE IR E B0 KR, SR 1E 1 P R AT
S8 50 20 M LT A, DA T e o S S R B
R T T O AR SR i B R Y IR
P Ao R RS v I S K A 7 A Y T 75 08 U7 PR (free
fatty acids, FFAs)J& ¥ B {K 5 rf A7 76 14 2 1l 1
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FBO R AR OB T FFAs POV #R
FE, SR SR T A0 R 57 1 AR 2 N 2R [
Mushitiz, xR R AL R AR5 E
JE R 2 S KO G 38 /KT 2 BT e 52 T S B
NEWiR 52 T. halophilus ) FKE R I 1 B
JNAR G R AN, ARMHFSEIESE T %2
KIEH) T. halophilus £ R4 H HI47HE arc operon
FKHEIER arcB F1 arcC ZAN#IL, H15%
Hop N E&H arcd (IR R23 WAUER)FIERE
arcA (LABIRE C3 NARER) B PRI AL, TE b
T. halophilus arc operon J& K4 il i JE itk |, A<
WA B R 7R T H ADT 38458 A0 26 356 R 7 A g A
ARAMNAR TS ES: HEBRIE T
halophilus F:H 20 arcB Fl arcC BRI 5 5K
B EE T e W IEE arcB, .arcB, #l arcC, .
arcC, . arcCy, 1£ N R AT ARG 20 I I 22 3%
AR B AR S R AR

AW L T B R IR T, halophilus T
FREER 40 arc operon JE [R 21 B 0 Z2 BRI 4 5,
s TR A PEAC PR 208 F N 2 W2 g 1 Jr T
P BRI R 22 Sk o 38 2ok B R T ARTE A [R) S5 T AR
PR ZURR F1IN 20 BR (1 RE 1 S ADI i 48 AH SG A
FIBEOL, WL T T. halophilus 45 B
SR SR AT R A AL
AW FELE A 7R T W ER VUK EK TR 7E 5 T A Ak
il ADL BT RS AR A L
i, IEAT PN 2 5 1 o R A T 1 2 A PR R
e 5%
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