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Deficiency of the ABC transporter permease-like protein DppC2
facilitates the survival of Yersinia pestis in macrophages

SHEN Leiming', WEI Yumeng'?, CUI Yiming'®, ZHAO Yanting'*, YAO Wenwu', LIU Jinping"*,
GUO Yangyun'?, LI Jiamin', SHI Jiali'?, SONG Kai'", SONG Yajun'’
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Abstract: [Objective] To investigate the role of dppC2 in the survival of Yersinia pestis in
macrophages. [Methods] The strain (201- AdppC2) with traceless knockout of dppC2 was
constructed with a suicide plasmid via homologous recombination based on Y. pestis biovar
Microtus strain 201. Phenotypes were compared between 201-AdppC2 and the wild type (201-WT)
by the acid survival assay, hydrogen peroxide survival assay, macrophage intracellular survival
assay, reactive oxygen species (ROS) detection, and cytotoxicity and mouse challenge assays. The
gene expression was compared between 201-AdppC2 and 201-WT by transcriptomics analysis and
RT-gPCR. [Results] Compared with 201-WT, 201-AdppC2 exhibited multiple phenotypic
alterations, including significantly increases in intracellular survival rates in RAW264.7 and THP-1
cells and under acidic and hydrogen peroxide conditions, upregulation of the acid resistance gene
hdeD and the catalase-related genes katA and katG, enhancement of catalase and peroxidase
activities, and declines in intracellular ROS levels in 201- AdppC2 and RAW264.7 cells infected
with the mutant. Furthermore, 201-AdppC2 showed reduced cytotoxicity to HeLa cells but no
change in the virulence in mice. [Conclusion] The deletion of dppC2 has been demonstrated to
enhance the fitness of Y. pestis to acidic and hydrogen peroxide environments, which promote the
survival and replication of Y. pestis in macrophages.

Keywords: Yersinia pestis; macrophage; dppC2; environmental stress tolerance
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A L 43 Yersinia outer protein J (Yopl)5| & F W
R R PSR T, R A0 N A g — 20
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1.1 E#K. BRIAIZHRE

A BGH BB B2 TR 201 Bk Oy AR 50 5 A I
224 [ Rk pDS132. itk pBAD24 . F %
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Table 1 Primer sequences used in this study

Primers name

Primer sequences (5'—3")

Up-dppC2-F
Up-dppC2-R
Down-dppC2-F
Down-dppC2-R

CTTCTTCTAGAGGTACCGCACGCTATTTTACTGGTAGTGC
ATAGTGGTGAGGTCGCCATACATTATTGGCGGCCCTCAAA

TATGGCGACCTCACCACTATTGGATATCCAAAACCTCAGT
TTGTGGAATTCCCGGGAGAGCAATCATCACTCGCTGGCGT

dppC2-F GGGGATCCTCTAGAGTCGACATGATGAGACTAAGTGCAAT
dppC2-R AAACAGCCAAGCTTGCATGCTCAGTACACCTTACTTGGGT
Q-rpoB-F GTTGATCTGAGCACCTTTACC

Q-rpoB-R CCTTGATTTCTTTCTCTGTCG

Q-katG-F GGTCTAAGGCTGGTGTGTT

Q-katG-R TAAGTTTCCCTGTTTTCCG

Q-katA-F ATGTTTGTCCGCTTCTCCA

Q-kat4-R AATCCCAGTTGCCTTCCTC

Q-hdeD-F TAAGGATCTAAAAAGACCGG

Q-hdeD-R TAGCAACCATAAAGCAACTG

1.4 dppC2 EuFRIRFNEIAMERIADIE

SR A Bk AR E A FEF 201-WT JoiR
B dppC2. (1 FHFEN 20 DNA $EBGR 7 £ 1 H
201-WT iy 5ERAH ., 599X Up-dppC2-F/IR
H1 Down-dppC2-F/R L) 201-WT F£[H 20 DNA Jy
AL PCR 9738 dppC2 1Y L3 AR Ui ] TR
PCR W& Z(50 uL): 2xPrimeSTAR Max Premix
25 uL, b . FUFSIH (10 pmol/L) 45 1.5 pL,
DNA #&Hz (10 ng/uL) 5 pL, %7K 17 uL, PCR
SN EAE . 98 °CHIASE 3 min; 98 °CA:HE: 30 s,
60 °CiE k 10's, 72 °CHEfH 55, 35 NG,
72 CCA LA 5 min, it FH JCAE ve R a0 G 44k
PEALR, pDS132 5 I U . S ok
H 2 FLEL AL B AT 8 S170pir H, 5 201-WT
LT o RS WA T B R W HE R AR I i
1 35UIR (yersinia selective agar base, YSAB)-F-
Mo M YSAB “F-H Fk HUCER R 7% #2 A0 2] LB 15 5%
e, 26°C. 200 t/min $53% 2 h, WIGFYNEA T
B 7% FEMERY LB Bifie-Fa, DA A AR 2 Ik
)5 B ZH ) BRI . BRIk A 440 201-AdppC2.

Tk pBAD24 FEEMIAME, R Sal 1-HF
H1 Sph 1-HF [ X} ki pBAD24 HEAT XU B, A

519Xt dppC2-F/R, LA 201-WT #:[K 41 DNA
MM PCR 4714 dppC2 Fr Bt PCR Wk &
(50 puL): 2xPrimeSTAR Max Premix 25 uL, I,
T W51 ¥ (10 umol/L) 45 1.5 puL, DNA & #i
(10 ng/uL) 5 uL, XZ&7K 17 pL. PCR SV 451
98 °CHIZE 1k 3 min; 98 °C7AEVE 30's, 60 °CiH k
10s, 72 °CHEMH 10 s, 35 NEH; 72 °CL
FEAf S min, i F JC 4% v B R G B LRk
ft. pPBAD24 F1 dppC2 R Bt o 4 T 41 kL L 28
LA R 201-AdppC2, 72 HBAL T v 44 M
201-AdppC2::com,
1.5 HKphZ&NE

AL AR AR 201-WT 1 201-AdppC2 &
ARG, $#% 1:100 LLFIHE:F 2 LB Bi3R3E,
26 °C, 200 r/min 557 24 KX HI(ODgy0=1.0).
PR R 1:100 1) Lol 42 80 2 5% 60 mL LB 1%
I 5L W HETE R o B B TR O TR 5 4 i
FYEF 8%, 26 °C. 200 r/min ¥53%, % 2 min A
A B R RO . AR E
3AES . BUEETE 37°C, LB BFHRETRIEK
Mk, BREGFRIREESN SHTARAMEF .
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1.6 BERNYEFELE

F W40 i RAW264.7 FH 7% 10% i 25 i i 19
DMEM #5575, HitkZ 12 FLAUME 35k, 37 °C.
5% CO, 18 il 35 % 46 35 F2 L % o 201-WT,
201-AdppC2 F1 201-AdppC2::com L4 MOI=10 Jg&
Yt RAW264.7 410t 30 min J&7, B 200 pg/mL
PR #2117 DMEM 15378 5 % S05% B8 110 240 i &1 41
DA o ol R PR 5 G VRO 2N A T e )i
TRE BGE e, BAME T 37 °C. 5% CO,
i) R I 35 AR o R SR 050 20 4 Fi 8 ho
PBS k4 41 it J5 4 FH 0.3% Triton X-100 2 i J
YLiy) RAW264.7 40l 15 min, 5 {3543 oS FE R RE
S fi7 T T YR A 2 T [ AR 35 7 R 3
4. BRUEBETE THP-1 i i N AR 17 52 56 2 1
LRI, BT A A
100 ng/mL PMA i) RPMI 1640 H1i755/34k 48 h.,
1.7 BEFMTEHXEEEFXR

AL H M AE R 201-WT ., 201-AdppC2 F
201-AdppC2::com ZHKA-E W (ODgy 2974 1.8),
¥ 1:100 Lt LB §5375E, 26 °C. 200 r/min
55 3% 2 KU (ODgyo 290 1.0) 0 43 51
100 mmol/L Fi1 200 mmol/L i3 /b Z i 10 min,
DL S pH 3.5 BY R M WA 1.0 h A1 1.5 he
BRI AT IS AN R T S AR AT L RS ERR R, JF
095 R YR Al 2 LG [ AR R 75 R R 4k, It
B TR I LU A DA R M I AR AR 25 5
1.8 TEHEEEHITSIEETH
Rl

Fiz WE et S Ak SR TG T G N 3t 7] 6 A SR A
W T 3 RS N3 5R)  A U B E  E 201-WT
201-AdppC2 F1 201-AdppC2::com Kyt A A E il
A A LG P22 5 . HaO, 7E 240 nm A R#1E
EMH, S AR i Ha O, (9 W Y WO
SE RN N E N S i R N S A S U= R el
TR s o A T AL HoO, AR IS
Yy, ARSI YIAE 470 nm A ERIEM g, RO
JE e o AR A T T R
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1.9 EMSERN

6 D A4 7 3 1 SRS I 3 ) R 201-WT
201- AdppC2 1 201- AdppC2::com ) T% Tk %
(reactive oxygen species, ROS) 25, $4 FETH M4
o0 3700 5 A 16 BH 5 I e RAW264.7 4 i g e
201-WT. 201-AdppC2 F1 201-AdppC2::com J5 )
2 R PN 0 R AR A o 2 TR R AR D A
FCEHRET O11 FE P AR I IR & 1 9O LR BT
dichlorodihydrofluorescein diacetate (DCFH-DA)
Al e A M N B ROS E AL A e i, 9%
JEAY5E 55 T S ROS 5 B R 1K o
1.10 ZApasEs S

i F MTT 38571 &l5E 201-WT, 201-AdppC2
H1 201-AdppC2::com X HeLa Fil RAW264.7 4 ifd
MBE 125 5 MTT AJ 9 40 A v 2 R g ) i &
il 30 J5 TR 55 67 1), 7E 490 nm A 4R AR I U
W 200 i 2 M OIG REBRy , 10d BH A T ) 4
B TER
1.11 RTCA 3§

E-Plate 16 fLAINA 50 uL DMEM # ifii B2k
J&, BALIA 5x10° 4> HeLa 400, 7540 g
Je R AN iR i £k . RTCA R4 % 15 min I
i1 ANREREAT, AT A5 2 S5 e A4 3 5 1) 4
Jio 4585 (cell index, CI)™*), 201-WT . 201-AdppC2
1 201-AdppC2::com LA MOI=10 [EYL 40 i 5 & T
RTCA il -5 LI A CLo
1.12  mh4)sae

201-WT H1 201-AdppC2 K 2= 5B 5 H
PBS fi B % 1.0x10* CFU/mL. 6-8 J& i i i P
BALB/c /NRBEHLIT A 6 D F2H4H (n=10). L
20 4 9030 e P9 T R s T 4 100 L i R
PRV, X BRZ T S A5 it PBS. 4 2 W 4% 20 /)N
AN, JFemAfrihdk . A5 mA
TLAT IR T T i S 56 3h ) A A A B2 D1 S At i
%5 IACUC-IME-2024-020.,
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1.13  ZERENFF S

I3 S SE 26 °C Fl 37 °C 8% 5% (1) 201-WT
H1201-AdppC2, i FI RNA /MR 257 & 12 Begn
A RNA, £ rRNA . 8] cDNA SCFEHI
Qubit & & Ji7 #F 17 Mlumina M JF . 201-WT Fl
201-AdppC2 7F 26 °CHI 37 °CH5 35 A 41 5Lk
BAE A7 T E KA YR 8l .G (NMDC),
BS540 W) S NMDC40078468 — 40078473 il
NMDC40078432-40078437., LA FUJZ B 91001 ¥k
[T FI(ASMT788v DWE AN P45 R B 225 3
2. LA Pi<0.05 HJlog, fold change|>1 R HIfi, %
TE 201-WT H1 201-AdppC2 15525 kA
1.14 KB E 2 1% % R PCR (real-time
quantitative reverse transcription PCR,
RT-qPCR)

it 30 SRR 20k 201-WT F1 201-AdppC2
) RNA 54558 cDNA, DLEEE DL rpoB VBN
WS . RT-qPCR A% : 2xLight Cycler”
480 SYBR Green Master 10 pL, . FiF314
(10 umol/L)#% 0.8 uL, cDNA (5 ng/uL) 2 pL, %X
7&K 6.4 L, WHEH 3 NMEY¥ER, RT-qPCR
RN 45 95 °CTIARPE 5 min; 95 °CAE M 155,
53°CiR/k 10s, 72 °CHEAfi 15, 40 MEFF, 8@
IR IS | P B R . R 274G

A

2.5 201-WT — 201-AdppC2
20
A
100
1.5+ wl T
S 1ok 5 ¢
Q ’ 2 40
0.5 »
0 WT AdppC2
OO | | | J
20 30 40 50
t/h

PATE LA KA, DL 201-WT AYZER A
1, 71 201-AdppC2 BFER R IKF-
1.15 SeitEaih

BANFRRE DS 3 MY ER
ZER VIR TR o R ISR A
22 5T PER LB R AR BOXT « K38 3 44
] 22 5 A AT S i AT B I R O 25000, SRR
Sidak g T 2 E L . /N RICEE A AE T 2R
H Log-Rank (Mantel-Cox)f 5 . A7 £ 3 5 DA
P<0.05 H2ZERA G L, *: P<0.05; **:
P<0.01; **%; P<0.001; ****. P<0.000 1; ns:
TGiiT2 7 L

2 ER5997

2.1 HKEZENESLS

FE 26 °CHI 37 °CHE I 554, 201-WT Hil
201-AdppC2 7E LB 1555 ny K 4 1 R
BFELEFIE 1), KW dppC2 MBI AL FLE
WAE LB B S iR K
22 BAREFESER

A o U R e o I R E TR ) I 4
MO Tt & 2A X IR, E WA R R
W, MREIKEG; B 2B g RE R Y E
WA, AP R RATIR SR 0, PRk g,

B
20

201-WT — 201-AdppC2

E1l 201-WTHI201-Adpp C2TEEA RIS FFIRE THIE K%

Figure 1
37 °C. ns: No significant difference.

Growth curves of 201-WT and 201- AdppC?2 strains at different culture temperatures. A: 26 °C; B:
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Figure 2 Intracellular viability of 201-WT, 201-AdppC2 and 201-AdppC2::com strains in macrophages RAW264.7
and THP-1. A: Giemsa staining of macrophages RAW264.7; B: Giemsa staining of macrophages RAW264.7
infected with Y. pestis; C, D: Phagocytosis of Y. pestis in macrophages RAW264.7 (C) and THP-1 (D); E, F:
Intracellular survival curves of Y. pestis in macrophages RAW264.7 (E) and THP-1 (F); G, H: Intracellular
survival of Y. pestis in macrophages RAW264.7 (G) and THP-1 (H). *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 3

Survival rates of 201-WT, 201-AdppC2 and 201-AdppC2::com strains after treatment with acid and

H,0,. Survival rates of Y. pestis after 1 h and 1.5 h treatment with pH 3.5 at 26 °C (A) and 37 °C (B); C: Survival rates
of Y. pestis after 10 min treatment with 50 mmol/L and 150 mmol/L at 26 °C; D: Survival rates of Y. pestis after 10 min
treatment with 100 mmol/L and 200 mmol/L H,O; at 37 °C. *: P<0.05; **: P<0.01; ***: P<(0.001; ****: P<0.000 1.
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BUPZE PO SR B BRI pH PR R TR 52
24 LEEEERALE

J T AR R dppC2 K H Bl gk % LU T
FIRTE R, LR HTLE 26 °CEY 37 °CHi %
Y 201-WT F 201-AdppC2 By %54 . M T
201-WT, 7E 26 °CHiF 444 201-AdppC2 H1{L
A yejF (YP_RS06865, 5 dppC2 FEHAHAR)FR K
T AE 37 °CHE IR R 201-AdppC2 1 yejF
268 N, sRNA00014, cpxP. feoA. fruB. bssS.
YP RS07975. YP _RS09590 I YP RS13175 %
ik BIE(ER 2).
2.5 RT-qPCR %R

PLEAYE DUEEDR rpoB 1E NS, X 201-WT
F1 201-AdppC2 (26 °CH5F7) 1) RNA ¥ st AR i AT
RT-qPCR 7747, WECHERAH G I H (hdeD) . i
AL A AT E ALY S S R (katd F kat G
R V22 5. rBRRATHERFL D hdeD 558 /K
i TP AR (E 4A) BEAL, RBRIR YIS AL
AW katd R katG 15 AR S T B A pR
(1 4B. 4C). 26 °CHispHLE R W, LT
201-WT, 201-AdppC2 " hdeD (log, fold change=
0.156, Py3=0.007). kat4 (log,fold change=0.130,

®2 RIEAKTFEREFHNENER

P,4=0.028) Fll katG (log, fold change=0.177, P4=
3.213x 107 ) il S 7K OF- B 38 B 0 o (e, 1HL
A A BAT B 25 P (Pagi<0.05). 459K, dppC2
B2 25 R AR KL DX hdeD it 48 4k 01 3L 1A
katAlkatG W5 S AKFAT TR o
2.6 EIEIIGMLER

18 3 &K 201-WT ., 201-AdppC2 Fi
201-AdppC2::com [Fi A AR A A At
W 11 B 201-AdppC2 (BT 11347 T 201-WT,
TR R AT K 2 TS ) 25 5 (B 5). SRR
dppC2 FERBR 5, BRI FR I T & it Ak
AW A AT T
2.7 BEAEMENEL

J T ST 201-AdppC2 1E B W 240 i N A= 7R
(T2 5 ROS A3 0C, Kl BRUE b A g2
LS ROS 7KF-. 7 26 °CHIl 37 °CHiFR 441
T, 201-AdppC2 () ROS /K B ELT 201-WT,
LRI AT A 36 70 22 57 (] 6A) . L g 20 i
YRR IS, BE TR IR R] Y 2B K 21 AL 9 ROS
IRV 556 HE AL (A B 20 B ) A EL B S T R
201-AdppC2 B WELN ML A 4R ROS ZKF-HH .
TG 201-WT BB BELNAE, [IRME TR E

Table 2 Genes with significantly regulated expression levels

Gene ID* Gene name log, fold change P, Function
26 °C
YP RS06865  yejF -2.965 2.802x107"?®  Microcin C ABC transporter ATP-binding protein YejF
37°C
YP RS06865  yeiF -1.418 2217x107 Microcin C ABC transporter ATP-binding protein YejF
sRNA00014 - 2.145 0.047 -
YP_RS00405  ¢pxP 1.705 0.035 Cell-envelope stress modulator CpxP
YP RS00700  feoA 1.246 2.851x1077 Ferrous iron transporter A
YP _RS06740  fruB 1.213 2.564x107 Fused PTS fructose transporter subunit IIA/HPr protein
YP_RS07975 - 1.007 1.645x107° tRNA-Gly
YP _RS09590 - 1.230 1.913x1072 HEAT repeat domain-containing protein
YP_RS11765 bssS 1.118 2.141x1073 Biofilm formation regulator BssS
YP RS13175 - 1.790 2.141x107° Hypothetical protein

*: NCBI reference sequence ASM788v1; —: No annotations.
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201-AdppC2 (Each mouse was injected with 1.7x10° CFU of bacteria). *: P<0.05; **: P<0.01; ****: P<0.000 1.
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