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The signaling molecule autoinducer-2 regulates the chemotaxis
and biofilm formation of Halomonas elongata via Tar1
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Abstract: As a widely conserved interspecies quorum sensing signaling molecule, autoinducer-2
(AI-2) is involved in regulating various crucial physiological processes such as bioluminescence,
chemotaxis, and biofilm formation. However, the effects of AI-2 on Halomonas elongata and its
underlying mechanisms remain unreported. [Objective] To reveal the receptor that regulates the
chemotaxis and biofilm formation of H. elongata in response to Al-2.[Methods] The quantitative
capillary assay was employed to examine the chemotactic response of H. elongata to Al-2. We
conducted protein domain identification, sequence alignment, and molecular docking of methyl-
accepting chemotaxis proteins to identify the key amino acid sites in Tarl, the potential AI-2
receptor. The ligand-binding domain (LBD) of Tarl and single-point mutants were expressed and
purified, and the binding between Tarl-LBD and AI-2 was measured by the Vibrio harveyi MM32
bioluminescence assay. farl was deleted by homologous recombination, and the effects of AI-2 on
the chemotaxis and biofilm formation of H. elongata were evaluated by quantitative capillary and
biofilm formation assays. [Results] The quantitative capillary assay revealed that H. elongata
exhibited chemotaxis to AI-2. Four methyl-accepting chemotaxis proteins were identified in H.
elongata. Protein domain identification, sequence alignment, molecular docking, and V. harveyi
MM32 bioluminescence assay demonstrated that Tarl-LBD bound to AI-2. The tari-deleted
mutant of H. elongata was successfully constructed by homologous recombination. The deletion of
tarl impaired the chemotaxis of H. elongata to Al-2, whereas the complementation of this gene
restored the chemotaxis to level comparable to that in the wild-type. Furthermore, biofilm
formation assay revealed that AI-2 enhanced the biofilm formation in H. elongata via Tarl.
[Conclusion] H. elongata exhibits chemotaxis to Al-2, and this signal molecule binds to the LBD
of Tar1, thereby modulating chemotaxis and biofilm formation.
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Table 1

Bacterial strains and plasmids used in this study

Strains and plasmids Description Sources

Strains
Escherichia coli
TGl Host for cloning Laboratory collection
S17-1 A-pir lysogen of S17-1, F~ thi pro hsdR [RP4-2 Tc::Mu Km::Tn7 (Tp Sm)] Laboratory collection

BL21(DE3)
LuxS™BL21(DE3)
Vibrio harveyi

F ompT hsdS (rg~, mg") gal dem (DE3)
AluxS deletion mutant in . coli BL21(DE3)

Laboratory collection

Laboratory collection

V. harveyi MM32 luxN::cat luxS::Tn5kan [22]
Halomonas elongata
Halomonas elongata DSM 2581 Wild-type GDMCC
Atarl tar] deletion mutant derived from H. elongata This study
Plasmids
pK18mobsacB sacB-based suicide vector for gene knockout, Kan" Laboratory collection

pK18mobsacB-Atarl Containing tar! knockout fragment This study
pBBRIMCS-1 Broad-host-range vector, Chl* Laboratory collection
pBBRIMCS-1-tarl Tarl was cloned into pPBBRIMCS-1 This study
pET-28a Bacterial vector for expression of N-terminally Hisg-tagged proteins, Kan" Laboratory collection

pET-28a-tari-LBD
pET-28a-tari-LBDggsy
pET-28a-tar1-LBD gy,
pET-28a-tar1-LBDy;ys4
pET-28a-tar!-LBDp;ps4

pET-28a expressing tarl-LBD
PET-28a expressing tari-LBDpgs,
pET-28a expressing tari-LBD gy,
pET-28a expressing tarl-LBDy;ps4
pET-28a expressing tarl-LBDpps4

This study
This study
This study
This study
This study

Kan: Kanamycin; Chl: Chloramphenicol.

1.3 IEFEMBERFY

DA I T B SR LA ) 8 1) 25 b TR AR A 1] LB
B R P B3R 4 37 °C . 220 t/min;
DA 3 0 B Ay 35 el A B 1 45 P R R o8 P
LBIM W AARE F5L(LB 552 540N 1 mol/L 44k
WREE, B3R 30 °C. 220 r/min. R
PiAERLWE S A NHEHER 100 pg/mL, R
R 50 pg/mL, AR XK 20 ug/mL.
1.4 M

2 MR SCHR (S8 FH B 4048 5 o BT vk b AT
AEPERZIN o AR B B 55 5% 28 XIS (O Dioo
A 1.3)ETHL 2 mL B, 4 500 r/min 5.0 5 min,
BER ] 2 mL MOIM HLfll % 35 (MO JL Al 1% 55
FECTRMIM 1 mol/L Ak a) Fk . Hk 5 Y TR A4
FE£L 200 uL BRFAINA 96 FLAR . FHIDRE LT 41

JAE A B e, 0 —ImiR A AL2
G5 TR . Bl HUR T MM BEfil 55 55 A&
IHUESMEE , M B A o IR HIR A
96 fLAZ, WHE 1 h I, I MOIM &l 77
FLIHURSMBE AT SR N ER VA A 1 mL
MOIM FEREIREFEREAY 1.5 mL BL.045F, B 100 puL
URATE LBIM FAR [, 30 °CE|'E 1557 32 h Jig ik
AR V& T
1.5 Tarl-LBD F5IEL 3305y F X545

i ] ClustalX 2.1 A XS < 5 5 4 Tarl
Y i A 2 & 45 44 38 (ligand-binding domain, LBD)
Tarl-LBD A1 4 %% {2 Jig (Pseudomonas
aeruginosa) PctA-LBD [ & JE IR 17 51321 T HL XT3
Mr, &% 58 i ESPript 2 (https:/espript. ibcp. fi/
ESPript/cgi-bin/ESPript.cgi) £ £k T. EL5 >, {3
543 F AL-2 F1 Tarl-LBD 53 F X452 B SCHR 4]
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R/2 AEARETASI
Table 2  Primers used in this study

Primers name Primer sequences (5'—3") Purpose

tar1-UP-F CCGGAATTCCAATACGCTCAAGCAGGAAG To generate pK18mobsacB-Atarl
tar]-UP-R GCTCGGCATCTCGCAATGAGGTCAACAT

tar]-DOWN-F ~ CTCATTGCGAGATGCCGAGCCAGCGTGAGG

tarl-DOWN-R  CCCAAGCTTGTTGGTGGAACTGGTGATGG

tarl-F CGGGGTACCATGTTGACCTCATTGCGACT To generate pBBRIMCS-1-tarl
tarl-R CCCAAGCTTTCACGCTGGCTCGGCATCTT

tar!1LBD-HF CGCGGATCCATGGAATCCCACAACGAA To generate pET-28a-tarl-LBD
tar!LBD-HR ACGCGTCGACTCAGGAGGCGCTCATCAC

tarlLBDggs,-HF  GGGGTATGACCCGCGCGAGGCCCCCTGGTATCGCCAGGCCGTGGA To generate pET-28a-tarl-LBDygs,

tarlLBDggs,-HR TCCACGGCCTGGCGATACCAGGGGGCCTCGCGCGGGTCATACCCC

tarl1LBDygp-HF GTATGACCCGCGCGAGCGCCCCGCGTATCGCCAGGCCGTGGAGGC To generate pET-28a-tar1-LBD g4
tar!LBDygp-HR GCCTCCACGGCCTGGCGATACGCGGGGCGCTCGCGCGGGTCATAC

tarl1LBDy;ps4-HF GTCCACCGTGGTCACCGCGCCCGCTGAGGACGCCACGTCCGACAA To generate pET-28a-tar1-LBDy;ps4
tarl1LBDy;ps4-HR TTGTCGGACGTGGCGTCCTCAGCGGGCGCGGTGACCACGGTGGAC

tarlLBDp;9s.~-HF GGTCACCGCGCCCTATGAGGCCGCCACGTCCGACAAGCTGGTGGT To generate pET-28a-tar-LBDp;ys4
tarlLBDp;ps.-HR ACCACCAGCTTGTCGGACGTGGCGGCCTCATAGGGCGCGGTGACC

The underline represents the enzyme cleavage site.

Frml e, R SWISS-MODEL #4) # Tarl-
LBD = #E#) % (https://swissmodel.expasy.org/)**,
M R-THMF-LsrB (PDB ID: 1TIY)H42HUE 55
F A2 45 H. fd | AutoDock Vina 1.1.2
(https://vina. scripps. edu) HE 17 23 T X #2290, %) 52
2t B F| PyMOL (http://www.pymol. org) 5 {2 if
AT AL R
1.6 ERNRIEFRIAFEGKL
AR B TR R PR 4 DNA SR A A (f3f
Y TR KL K 4 DNA $EBGA Gk T8 ), i
5% tarlLBD-HF H tarlLBD-HR ¥ ¥ tarl-LBD
FER Bt PCR RWAKRZR(50 WL): LA Tag (5 UAL)
0.5 puL (TaKaRa 2~ #]), 2xGC Buffer [ 25 pL,
b RS (10 pmol/L) 4% 1 puL, DNA £y
0.5 uL, ddH,O 22 puL. PCR JZ B &4 : 95 °C
WASPE 5 min; 95 °CAE: 30 s, 52 °CiEk 30s,
72 °CHEAR 1 min, 3t 30 PR 72 CCLLE A
5min, {# ] BamH 1 Hl Sal 1 X%} tarl-LBD 3&
R B b A7 WL, g4k 5 s FL i H: 2 pET-
28a, 3K 1% Tarl-LBD # ik Jii ¥ pET-28a-tarl-
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LBD, Tarl-LBDggga.  Tarl-LBDwgoa.  Tarl-
LBDy g6 Fl Tar1-LBDpjosa HY 2 ik 51 KL LA pET-
28a-tar1-LBD SR AH FHBE PR i 5 8 AR i £ 4
B W PT A FIk BORL 4 0 e A K R T BL21
(DE3) ok i bR T luxS £ A9 BL21(DE3)H . 7
37°C. 180t/min 55T, ¥FRIKEHH LB 5
FRHLREIRE ODeoo M 0.5 IHIIA 0.3 mmol/L IPTG,
22°C. 160 r/min 53 8 h, ZJ5 8 000 r/min 5.0
5 min YA R R, S BERE S (6 Ni*-NTA %
A g 4lifk H Y A . Tarl-LBD #5285 R
Kk it s . A B E A EH
Sephadex-G25 #fj 5 Ml i i i 6 41 25 R 22 R i ik
Mg, 25 SDS-PAGE Kl Ji5 ff 47 7 —80 °C i Ik ik
VKEATE o T 0 2 EQICRR 26 9 & ' S 56 o
H (1) 26 (8 46 2 10 mg/mL L) |, 70 °CK
BN 10 min 5, 8 000 r/min &.0> 5 min Y 4E
W
1.7 AIL-2 &M

2 WSR2 7128 FH A 2 QO AR ) K G g
HEAT AL2 PRI, IO RE 5% 1Y e 4E RN
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(Vibrio harveyi) MM32 B, {# FH&E) AB 1%
FRILCUE LR R 53107 kR 09 B TR i BEAL
90 uL AOREINA BB A5, 96 FLAR P . BT 43 9 B
10 uL FFIAE S . 1 pmol/L AL-2 {5543+ (PH
X HR) LA K AB £ 357 3 (FH 4 X5 HR) fin A 2 40 Bz A
H. 30°C, 150 v/min &% HEFHE Sha, HHE
T RE R AR SR I & 5 B, AL-2 364 R A X &
TEIREERIR
1.8 tarl BXFREMAFIE4NEEAIFIEE
i B TR 58 AR (AR T i 2 IR SR 28]
PEAT . (AN LR 2H DNA $2BGR ) & BB
KR PR SR, DA 3 PR LA M AEA
{d ] tar1-UP-F Fl tarl-UP-R ¥ 14 I Ui A B tarl-
UP, {# M tar]-DOWN-F Fil tar]-DOWN-R " 1
U B tar]-DOWN, @it 8EE PCR K L. T
e Bt , 13 BImR R Bt Ararl, PCR WA
% (50 pL): LA Tag (5 UjL) 0.5 pL (TaKaRa 2
Al), 2xGC Buffer I 25 uL, k. FiE51 4
(10 pmol/L)4% 1 uL, DNA #i4g 0.5 pL, ddH,0O
22 L. PCR W 554 : 95 °CHIUZZ P 5 min;
95 °C7AE M 30 s, 55 °CiB k 30's, 72 °C % fif
2min, 30 MER; 72 CCALEH 5 min, [
EcoR | Il Hind I %} f Bk B Bt Atarl #4753
Y1, #ifb )56 i 2 pK18mobsacB, 3k15 il
[ i ki pK18mobsacB- Atarl I 55 A K M T
S17-1 J5 58P A AU R B TR /E LBIM P4l -
4 24 ho B LBIM AR K: 57 3630 Y 7 B
JaURA T &4 100 pg/mL 2 KRR A 50 pg/mL
RABE R W LBIM P-4 b, 30 °Cf3 & 5 5% .
PCR 30 ilF IE B 0 BB V& 32 0 T P 2E R
LBIM JIAIE SR PSR, RIS Y B S
AT EA 20% B LBIM A b, 30 °Cf3
B, KBRS RIBE R priEam |
PCR B iE A0 ¥ J5 RIAS 2 tarl SR 578K, L
R B S N AR, 51 tarl-F
N tar]-R P88 tarl F B, i Kpn 1 1 Hind 1l
XF tarl BT AUEG D), difb )5 HE S R
pBBRIMCS-1, 3K 45 [a] %) i % pBBRIMCS-1-

tarl o A6 #2419 8] b B k2 pBBRIMCS-1-tar!
AL B RIFIE S17-1 Jrl i A FER 5 A K
ERPRBE tar] 275K, 25 PCR B 0E 5 RIAS )
[N AR Atar] (tarl). AN, B pBBRIMCS-1
J A Bt A A A S BN B R rar ] SRR R
YERRTHE,
1.9 “HKpiZaNE

HE DR B R AP R B TR 430 R0 T LBIM
WA R FE R, 30 °C, 220 r/min 5353 % £fa
TE M (ODgoo H 3.2)J5 54T 5 mL 19 LBIM WA
REgedtrh, 30 °C. 220 t/min #5535, 49 2 h [6]FH
HUREI ODgoo, 21l 4k o
1.10 4008 H B EE S9N

MR T AR RN T LBIM Wiy 3L, 55+
EREMEFHEZEINSH 3 mL LBIM A
FRILBIRE P, H5 3R EXEUE I (ODgoo M 2.6)HF
A AR 20 uL, A4 180 uL LBIM i
R BRI LB TC B 96 FLARH, 30 °CH#pE 5 57
48 h, LMW, FIH/KEEEE 3 K. AR
KA JEMA 0.1% 4 b S i 4L 4 15 min, et
SR G RIS TE LB 2 R, KT 5
JIA 200 uL 95% £ B, #R%% 15 min, HHEEG
OIESTI S U S N ) S I v I o v R
0D595 {Eo
1.11 WG+

A 2= 3 AN ER, R
Kot - Y AR e 22 7R o {1 H GraphPad
Prism 10 % {4 43 B 45 &, >R H AR dE Bl XF
Student’s t-test $F17 i F M0 M1, {6 Adobe
Hlustrator 2022 A4 HERRZ K

2 HER504
21 HRESRENESST A2 RS
PRtk

SHERFE AL A, 5 M B L2 S

U BUREE e ik wi vy Al IR LB e =N 1Y) )
B A R e AL2 A rE . IniEl 1A frw,
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Figure 1 Chemotaxis of Halomonas elongata to Al-
2. A quantitative capillary assay was used to measure
the chemotaxis of H. elongata in response to Al-2.
M9IM: M9 minimal medium containing 1 mol/L

NaCl. ***: P<0.001; n.s.: Not significant.
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Figure 2

Protein domain identification (A) and sequence alignment analysis (B) of methyl-accepting

chemotaxis proteins in Halomonas elongata. Amino acid sequence of methyl-accepting chemotaxis proteins were
analyzed using SMART and TMHMM web tools. PAS: Per/ARNT/Sim domain; TarH: sCache 2 and dCache 1
are ligand binding domain; HAMP: Domain found in histidine kinases, adenylyl cyclases, methyl-binding

proteins and phosphatases; MCPsignal: Methyl-accepting chemotaxis protein signalling domain. Brown bars:

Transmembrane domain. The important enzyme active sites are shown in blue.
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Figure 3 Tarl is the receptor of Al-2 in Halomonas elongata. A: Predicted binding mode of Al-2 in the amino
acid-binding pocket of Tar1-LBD; B: The 3D structures of Tarl-LBD and PctA-LBD (PDB ID: 5T65) were
aligned using US-align (The TM-score was normalized by the length of PctA-LBD. Structures of Tarl-LBD and
PctA-LBD are colored in blue and red, respectively. The N- and C-termini as well as the membrane-proximal and
membrane-distal modules of Tar1-LBD and PctA-LBD are labeled); C: AI-2 activity detection. **: P<(.01; ***;
P<0.001.
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Figure 4 Tarl mediates the chemotaxis of Halomonas elongata to Al-2. A: The map of upstream and
downstream regions of wild-type H. elongata and Atarl mutant; B: The PCR analysis result of wild-type and
Atarl mutant [Lane M: DNA marker; The bands amplified by PCR with primers tar/-UP-F and tar/-DOWN-R
are shown for wild-type H. elongata (lane 1) and the Atarl mutant (lane 2); The bands amplified by PCR with
primers tarl-F and tari-R are shown for wild-type H. elongata (lane 3) and the Atar! mutant (lane 4)]; C:
Quantitative capillary assay was used to measure the chemotaxis of wild-type, Atar/ mutant, and its
complementary strain Atarl (tarl) in response to AI-2. ***: P<(0.001.
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Figure 5

Al-2 regulates Halomonas elongata biofilm formation via Tarl. The effect of AI-2 on the biofilm

formation (A) and growth curves (B) of wild-type H. elongata and Atarl mutant. **: P<0.01; ***: P<0.001.
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