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Construction and application of a dual fluorescence reporter
plasmid for measuring c-di-GMP levels in Escherichia coli
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Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Shanghai 200241, China

Abstract: Bacteria modulate intracellular concentrations of the second messenger cyclic dimeric
guanosine monophosphate (c-di-GMP), which facilitates the adaptation to environments, survival,
and infection. [Objective] To establish an effective method for measuring the c-di-GMP levels in
Escherichia coli. [Methods] We designed the primers for the dual fluorescence reporter plasmid
based on the regulation pattern of the riboswitch receptor by c-di-GMP and the fluorescence
reporter genes. The dual fluorescence reporter plasmid pAmCherry-Vc2EGFP (pACVcE) was
constructed by overlap polymerase chain reaction (overlap PCR) and homologous recombination.
Then, we constructed the mutants overexpressing and lacking the genes involved in c-di-GMP
metabolism, and used pACVcE to measure the c-di-GMP levels in Escherichia coli. [Results] The
targeted genes were successfully amplified with correct sequences. The intracellular c-di-GMP
levels in Escherichia coli expressing the c-di-GMP synthase DgcZ were significantly increased,
while the intracellular c-di-GMP levels expressing the c-di-GMP phosphodiesterase PdeK were
significantly decreased. The deletion of the pdeK gene encoding c-di-GMP phosphodiesterase
elevated the level of c-di-GMP in avian pathogenic Escherichia coli. [Conclusion] We constructed
a dual fluorescence reporter plasmid based on riboswitch, which can facilitate the rapid
determination of c-di-GMP levels in Escherichia coli.

Keywords: cyclic dimeric guanosine monophosphate (c-di-GMP); riboswitch; dual fluorescence
reporter plasmid; determination

# — 5 FF BR (cyclic dimeric guanosine
monophosphate, c-di-GMP)J& 4 & H 3 ik £7 7£
MR 2E5 A, = 5 Koy
b BRI . AR ROE . s Sk REE )
SRR AR, W 5T 2% W A0 B I N S [ K P
c-di-GMP 3 Wi A [F] A= ¥y =7 E A, 40 i ML
c-di-GMP /K5 5 ot 291 T 2 18 77 RE 7 658
AR THWEERIERL, K c-di-GMP /K15
AN aEsERIRE A AR c-di-GMP
27 IR IMME B (diguanylate cyclase, DGC)&
A%, H#E R 1 ¥ (phosphodiesterase, PDE)[%

fi# . DGC 1k W 7 F — W FR & 17 (guanosine
triphosphate, GTP)Ji c-di-GMP, [R]H y= A= 9 43
FHYMERERR; 1 PDE 43 c-di-GMP H (B2
TERBE, TR 5-O-WE I HE ST E-(3-57)- S 1
[5'-O-phosphorylguanyl-(3'-5')-guanosine, pGpG],

TR N — W5 IR 1T (quanosine monophosphate,
GMP)2, Hirf, DgeZ J& c-di-GMP &8l A
GGDEF #5t438), B mBE M o-di-GMPP;

PdeK T HE N c-di-GMP [ f# i, [ B &4
GGDEF #1 EAL #5438, PdeK /2—Fif LAY
PDE, HiBfL#) GGDEF 4545l A 52 mi Hoy 1k
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(BT A MAMR SRS T), ZEA
IR DA B ORAFE), FE o-di-GMP {5 5 3%
f&H, DGC 8 PDE nJ SN K [ 20 it N S 3
BEYS, W c-di-GMP CIfEgG 1, dEimi
WA c-di-GMP /KF-o c-di-GMP 455 T
WedR 5 524, 25 T o 75 40 TR %) A B A= AL D RE .
H AT C 28 % W55 S A 3 B sl 3 R 1
BREE G . R AR, o opE T e
TR R A HAR R Z AR T i R O 2
HETF K (riboswitch) & — 2K IE i) RNA,
YEHN ¢-di-GMP 25 128 32 AR TE 4 T H 3 A7
FE, Z5E R N TR Rl R s
— MR DG B AL 2 A EE L, —A>
RIS RS BLARZ5 sk, F T 454 Bisft
W — N RRREE, 8 EA RO
G WORTR T R R AR A, Y c-di-GMP
KSR, SRR OGS B2 5 5 T Ui
M RIET- 6 X ARG, SR SE X
SR s ARk, SRR OCE B
YTE MR ZFER, AEET. &R
. AR . BEIE . WG . BOR R M HATAY)
(4 c-di-GMP)", HAETE 24 & Bk A FREFLIK
& (Vibrio cholerae)f) 1 2§ c-di-GMP # B %
(c-di-GMP-T)FIK [ AR AER i (Clostridium difficile)
B I 2% c-di-GMP 4 I 5% (c-di-GMP-TD)!
c-di-GMP-1 #Z B JT & A )iz, ALK
N16961 ki) Ve2 #HEIT RIE S WE c-di-GMP
AF S B TR RS, (R T S N pg gkt
c-di-GMP 2 5 4 i Z Fh AE 112 D RE Y 1
5, WERRR DA LA c-di-GMP K-
TorEE, T ES HAM c-di-GMP K
Rl ik, ARWFFREARYE c-di-GMP X BE I ¢
TR PO R F RS,
18 1 75 B A W5k [V (overlap polymerase chain
reaction, overlap PCR)FI[w] Y 51 4H #4) Bl 3 T2 bk
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FFRIRCE SR et okl pAmCherry-Vc2EGFP
(pPACVCE), RJGH c-di-GMP fUit L R 1 5=
KRR B RE, JEMTFIA pACVCE Rk
AT E N c-di-GMP K-,

AR

1.1 E#

AARIE T KA (Escherichia coli) DHSa.
BL21(DE3)/E&3z A& 41 iy B RARA LR (AL )
HBRAF]; Bk pUCI9, pET28a, pACYCI184,
pBBRIMCS2-Tac-mCherry . pEGFP-N1 Fl & L
IR LK 2 A S & AR A & SR R
W43 Bk APCESO A SE 56 28 (A7 -

1.2 FERFI R

S N Ak -B-D- i AR 2F 3L ¥ (isopropyl-B-
D-galactothioglycoside, IPTG)I H K2 4= 4k F}
A AERAE; PiAERE AL TAY 17
(i) By A R |5 e BB F) & 0 B 288K
KRB (B M)A BR A 5 2xPrimerSTAR
Mix ., FR#&IHEN DI H TaKaRa 27 ; PCR
U A ABI 2AH]; 2GRN A NiKon 24
Al FEFRMYI H BioTeK Al ; fHIRIEIK. 18
T3S IR AR B bR ESRH A R A W
1.3 SRt REmK

BT A S IR ), 251l pACYC184,
pUC19. pBBRIMCS2-Tac-mCherry . pEGFP-N1
JoAE A EE LI B 2k PR 4 M AR 1461 T PCR 34
H3 P& APCESO #£ dgeZ. pdeK JFEK 741515147,
PHEE) dgez. pdeK R T A% 3Rk Ay
i, g1 FiEE AR PR F A .

1.4 IR FERERKL pACVCE HYHgiE

B pACYC184, pUC19, pBBRIMCS2-
Tac-mCherry . pEGFP-N1 FI1E fL 3K 2 4L K 41
P44 Cm, pl5Aori, Tet, Pya. mCherry, T7
Z k¥ . EGFP il Ve2 B 5L H R By, X
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Table | Primers used in this study
Primers Sequences (5'—3") Annealing Target gene Product
temperature size
C) (bp)
pACYC-Vc2 riboswitch-F TAATACTCGCACTACATATGACCCTGCCCTGAACCGA 62 Cm, p15Aori, 2084
CGAC Tet
pACYC-Pys-R GTATTTAGAAAAATAAACAAATGCTGGAGATGGCGG
ACGCGA
Poia-pACYC-F GCCATCTCCAGCATTTGTTTATTTTTCTAAAT 56 Poia 126
Ppa-mCherry-R CTCCTCGCCCTTGCTCACCATACTCTTCCTTTTTCAATA
mCherry-Pya-F TATTGAAAAAGGAAGAGTATGGTGAGCAAGGGCGAG 65 mCherry, 875
GAG T7 terminator
mCherry-EGFP-R ACACCTCCCCCTGAACCTGGGATCCGATGTGTGACCGTG
EGFP-mCherry-F CACGGTCACACATCGGATCCCAGGTTCAGGGGGAGG 65 EGFP 852
TGT
EGFP-Vc2 riboswitch-R  AATACTCCGAGACTAACAGCATGGTGAGCAAGGGCG
AGG
V2 riboswitch-EGFP-F - TCCTCGCCCTTGCTCACCATGCTGTTAGTCTCGGAGTATT 50 Vc2 320
Vc2 riboswitch-pACYC-R CATATGTAGTGCGAGTATTAT
dgcZ-F CGCGGATCCATGATCAAGAAGACAACGG 45 dgcz 891
dgcZ-R CCCAAGCTTTTAAACTCGGTTAATCAC
pdeK-F CGCGGATCCTTGCGCGTAAGTCGCTCGTT 50 pdeK 1989
pdeK-R CCCAAGCTTCTACTTTTCTTCCAGGTAACTC

MERFFS% 1 W%, iid overlap PCR i##%,
-5 (] 050 i 2 Al 3 4 , A A R T AR T DG 1 3L
POCEARE TR pAmCherry-Vc2EGFP (pACVCE),
£ PCR %5E Jr ik 2 ] g4 e
1.5 WK HFEIRE K pACVCE RIIEIE
1 pACVCE Fikift{b BL21 S 40AE,
SR J5 TE % 5 %5 2% (chloramphenicol, Cm)AYJ LB
(NSIEE e S b T I G bk TR S A LN P R R N
SR e e O R W N 1 5 o B e
pET28a-dgcZ Fl pET28a-pdeK 41 ki, H#%
L ZE KT BL21-pACVCE &4, IR A LB &
FABEE 2 (kanamycin, Kan)Fll Cm [E{AE;F:3E, 15
#] pACVcE&pET28a-dgcZ . pACVcE&pET28a-
pdeK FAbFE k. BOFH AT 0 IR, #ER
2% v R % W (phosphate  buffered saline, PBS)#t
AN IR SR (S E iRl L = TP = B ARl & T4 &3

WLEE %35 DgeZ F PdeK 21 T M PN 4 7€ S B3 € A8
A&, T A SRS I 200 781 P P ) R 6 (284
BAMGW 3 AEE, AmaaitER
(enhanced green fluorescent protein, EGFP)/HL.{A&
PEBRET 2 8 FH (monomeric cherry red fluorescent
protein, mCherry)Z/R AN Y ¢-di-GMP K-,
1.6 #|F pACVcE # M X+ & i A
c-di-GMP K

it Red [FIRHEAME APCESO HHRA
c-di-GMP R EE A pdeK k2R bk, S8 5 23 5 il &
Y A= AR FI ApdeK SRR AR B2 A5 41D, ] pACVCE
HUAL S TR AT LB (3 Co) AR SR A, g%
Jo PR TR VR R PR AR SR . B IR XA
AR ERFE R, PBS MR E RGN
TUAE A, 2351 It i Sl s bR (X APCESO
Hl ApdeK FRERY c-di-GMP 7K HEF T E .
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2 EREGHN

2.1 WK ZRIR SRR R IE SR B

FIF overlap PCR 4 X S 28 e 4 Johr
F RIS AN 1 s, iR 5 £ K mCherry (48
05 6B 5L ) 000 i 4t TR AR IS
S, AZME AR T S 1 38 T AR 45 A 38 5 285 5 1 A
M c-di-GMP #2453 EGFP (407K
HEFHEF)ERE, ®AKF c-di-GMP B EGFP
Fikit T, ARKFE c-di-GMP i} EGFP ik
TRE
22 BHEREVEEEHRNEE

I pACYC184, pUC19 ., pBBRIMCS2-
Tac-mCherry, pEGFP-N1 FlI& LK 2[R 419~
1475 Cm,pl5Aori,Tet (3 468 bp). Pya(126 bp).
mCherry,T7 terminator (875 bp). EGFP (852 bp)

F1 Ve2 riboswitch (320 bp)E A B, ¥ i)
KA E W —3. @ overlap PCR F[H] i
21 %3 AS pACVCE fiki, F pACYC-Vc2
riboswitch-F 1 pACYC-Pya-R 5197414 H (1) A
BN 4 257 bp, 4P UEM pACVCE #4
HIEH(E 2),
2.3 #|H pACVcE il DgeZ FTiZHAE A
B c-di-GMP 7k

PN B AMEBTMEL ER, 0.5 mmol/L IPTG i
258 pACVCE F1 pET28a-dgeZ ¥4 4k BL21
R P % 0 58 O R B T RS 3 I TR PR
(1 3A); B bRACRE I 25 53 B R , 755 )5 pACVCE
1 pET28a-dgeZ 4 AL W Ak Y AH X c-di-GMP 7K
ERIFEFHER 1.59 £5(P<0.001, & 3B), X
S ZE L] c-di-GMP & il DgeZ ik 41 N
1Y c-di-GMP KT o

pBBRIMCS2-
pACYC184 Tac-mCherry Vibrio cholerae
I
PCR
l PCR l PCR
PCR | —  E— L

Cm, pl5Aori, Tet

pACVcE

]
Py, mCherry, TT
terminator+EGFP

Jr Overlap PCR
||

l Overlap PCR

5510 bp

1 pACVcE BIHIIESRRE
Figure 1 The strategy for construction of pACVcE.
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Homologous recombination

Py, tmCherry, TT terminator+
EGFP+Ve2 riboswitches
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Cm, pl5A4ori, Tet mCherry, T7 terminator
bp M1 23 45 bp M 1 2 3

Overlap PCR
and homologous
recombination

Py, Ve2 riboswitches

bp M 12 345 bp M1 2 3 45

2 HWERYIBMELRNGE

Figure 2 Amplification of target genes for vector construction. M: DNA marker; 1-5: Amplified target gene
bands.

A B 8~
=
o~ 6
A o
S §
Sk
5§ 4r
S &
3 3k
&
10 pm 10 um
0
B1L.21 containing pACV¢E and BL21 containing pACVcE and o o
3 F Q/'b G Q/"D G
pET28a-dgcZ without IPTG pET28a-dgcZ with IPTG AL PR AN

3 DgceZ RIEFERAH c-di-GMP KL 1
Figure 3 Changes of intracellular c-di-GMP levels after DgcZ expression. A: Fluorescence microscopy. B:

Determination by microplate reader. ***: P<0.001.
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2.4 F|H pACVCcE #&7 PdeK FiXEMA
B c-di-GMP 7k

DI BB MEL B, £ 0.5 mmol/L IPTG
#S)5, pACVCE il pET28a-pdeK 454k BL21
R 2R R LT RS R TEE(E 4A);
il bR AR I 25 R WO, KRB S pACVCE H
pET28a-pdeK %% b 7 Pk B AHXT c-di-GMP 7K J&
B HRR 3.15 1%5(P<0.000 1) (K 4B), LA |45

10:um A / ) 10 um

BL21 containing pACVcE and
pET28a-pdeK without IPTG

4 PdeK RiZF AN H c-di-GMP 7K F#&)

BL21 containing pACVcE and
pET28a-pdeK with IPTG

REW c-di-GMP FEf#EHE PdeK ik Al 73
c-di-GMP /KF[EAK .
2.5 WRARBERNEN c-di-GMP K
- 7Y Rz A

PO BB MER R BIR, Bk ApdeK
LR (05600 B 5 TP A Mk APCESO (81 5A);
B (SR I 25 R B, BRI AR AR X o-di-GMP
KRB AE R 1.91 £%(P<0.001) (& 5B), 5

B Fkkk

—_—

Relative c-di-GMP level
(EGFP/mCherry)

Figure 4 Changes of intracellular c-di-GMP levels after PdeK expression. A: Observation by fluorescence
microscopy. B: Determination by microplate reader. ****: P<0.000 1.

A

10 pm 10 pm

APCES0

ApdeK

w
I
(=l
1

%)
=l
T

Relative c-di-GMP level
(EGFP/mCherry)
— )
= =
T T

I
0 APCES50

ApdeK

5 APCES0 #0 pdeK £ E R K E KB c-di-GMP 7K U zE
Figure 5 Detection of c-di-GMP levels in APCE50 and its pdeK gene mutant strains. A: Observation by
fluorescence microscopy. B: Determination by microplate reader. ***: P<(0.001.
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Mg R —5, £ pdeK K BRAH) APCES0
RN c-di-GMP /KB E T+, PdeK HA
WA five Tt 1) /T

3 54w

c-di-GMP 2 4 B 5 3l A7 7E 1Y 25 15 {40
T, 2500 ZFh A B PR A W BT B )
PP, R A A TR rPORG B 2R R AR A 2
B A A R, FFREMRI A R 2 3h . s,
c-di-GMP it Z: 5 gl Py AR 0 B8 1R, A
] c-di-GMP K- 88 FLIK B 35 77 B 52 i AN [+
fiX c-di-GMP KPR ERL R R R, M
c-di-GMP 7K - Tt 5 AT 9 55 2= L A B X 4y R 7Y
IFETE?, c-di-GMP 5 532 (RK R 2R, Bk
G5 E T ATESRE 5 IR LA R BRSO R
R LR R AR, NI R AN R B L d2 8
PE . AR B S A B A A AR, P, B
BEIF S — PP RRIR 1 RNA 2552104

FERZHETT AN S Z R AR, c-di-GMP
BRI R TR LR 2R B 2, 250 K5
KIN c-di-GMP 7] B 4238 2o A28 O 8 45 4 1R
E B L. ssh, B, 25
P 0 Ak S R G e R 2 5 e 40 R 1 B A 3
A A T R &0 S e-di-GMP-1
W G R HIE P b 5 A e ) A B
BB HE B S c-di-GMP 1 2 DS FELE 4, T
FHYE c-di-GMP HIREA ST e R 1 5% 5
Afp, Smith SR 7 B ELIN G 1A% AT
K V2 ST T AIRZERIART , SRS R WG B it
JEIR T EMETTF & Ve2 1 2 A& Je 45+ P2 Fil P3
Z A A H IR R LA K c-di-GMP 5 Ve2 Z[ajiY
FHEAEF o ASHIFF A8 3 0 5 T R0E I O i WL¢
S E WA FORLAE SR YE c-di-GMP Xt Ve2 #b
FEOC R AR R A 55 AR c-di-GMP ¥R (1Y

A

HETRI c-di-GMP 95 FH b 1k 2 s 80
FHEGE, T EWE IR c-di-GMP, K5
Kl c-di-GMP KN fEEfliig e #R A 2 | ff
A TR AT A = SR i B
A5 B BRI AGI c-di-GMP /K4 1145 71, A
K c-di-GMP 7Kl 22 35 RO B 45 35k
PR &G 0 40 B OB N c-di-GMP & =, i T
mCherry 5 EGFP HfH /N, ANREMRE BN
c-di-GMP KRR, FEbERS b, AHFSE
BT Ve2 BRSOt R i S BRI T H
TR c-di-GMP 7K1 B RG34 Bk,
2 RSB 43 552 05 1 AR BT OCHE
mCherry F Tl & Bk A IR ik &, Wi ¢
[ 385 AR 45 A el R S PR 45 A S 9 119 c-di-GMP
AR JE R EGFP £k, ® /K c-di-GMP
I EGFP ik, MMK/KF c-di-GMP A] i
EGFP ik, A7 Ha i i & R AR X 20 1
HH) c-di-GMP K- HEA TR, B AL 5T R+
DURR K 2238 S5 o0 1k AT s A 285 S . 3 3 Jookr
ik c-di-GMP & il DgeZ 5, Kt
c-di-GMP K V- E T+, MEIE c-di-GMP [F
fi# M PdeK J5 11 c-di-GMP /K V-5 B FRA%, 4550
B9 E T pACVCE K 41 I N c-di-GMP /K ~F-g AT
M. KIAF R e R & 1 2 U,
c-di-GMP 78 H g0 i FE v & HEE EAE AN B
pACVcE I F& Zotk KA M c-di-GMP 7K
SR, 25 REHIER pdeK A S 1Y 8 2R
PER ¥ APCES0 WA c-di-GMP /KF-35
wRE LI, #E—KIE PdeK A c-di-GMP
W AR, R AT c-di-GMP 7K 1 5% 1 241 B ¢ 75U
e

MZ, RS T I T R G R
S E A FOBL pACVCE, B3l T pACVCE SZpx
I AT SV A KIBAT A c-di-GMP /KA
T AL 7 e A 0 %
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