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17  Abstract

18  The genome of the bacterium Burkholderia thailandensis encodes for three complete

19  LuxI/LuxR-type quorum sensing (QS) systems: Btall/BtaR1 (QS-1), Btal2/BtaR2 (QS-2),

20 and Btal3/BtaR3 (QS-3). The LuxR-type transcriptional regulators BtaR1, BtaR2, and BtaR3
21 modulate the expression of target genes in association with various N-acyl-;-homoserine

22 lactones (AHLs) as signaling molecules produced by the LuxI-type synthases Btall, Btal2,
23 and Btal3. We have systematically dissected the complex QS circuitry of B. thailandensis

24 strain E264. Direct quantification of octanoyl-homoserine lactone (Cg-HSL), N-3-hydroxy-
25  decanoyl-homoserine lactone (30HC;,-HSL), and N-3-hydroxy-octanoyl-homoserine lactone
26 (3OHCs-HSL), the primary AHLs produced by this bacterium, was performed in the wild-

27  type strain and in QS deletion mutants. This was compared to the expression of btal 1, btal2,
28  and btal3 using chromosomal mini-CTX-lux transcriptional reporters. Furthermore,

29 transcription of btaR1, btaR2, and btaR3 was monitored by quantitative reverse-transcription
30 PCR (qRT-PCR). We observed that Cs-HSL, 30HC,¢-HSL, and 30HCs-HSL are

31  differentially produced over time during bacterial growth and correlate with the btal 1, btal2,
32  and btal3 genes expression profiles, revealing a sequential activation of the corresponding QS
33 systems. Moreover, transcription of the btaR1, btaR2, and btaR3 genes is modulated by

34  AHLs, showing that their regulation depend on themselves, and on other systems. We

35  conclude that the three QS systems in B. thailandensis are interdependent, suggesting that

36  they cooperate dynamically and function in a concerted manner in modulating the expression

37  of QS target genes through a sequential regulatory network.
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Importance

Quorum sensing (QS) is a widespread bacterial communication system coordinating the
expression of specific genes in a cell density-dependent manner and allowing bacteria to
synchronize their activities and to function as multicellular communities. QS plays a crucial
role in bacterial pathogenicity by regulating the expression of a wide spectrum of
virulence/survival factors and is essential to environmental adaptation. The results presented
here demonstrate that the multiple QS systems coexisting in the bacterium Burkholderia
thailandensis, considered as the avirulent version of the human pathogen Burkholderia
pseudomallel and thus commonly used as an alternative study model, are hierarchically and
homeostatically organized. We found these QS systems finely integrated into a complex
regulatory network, including transcriptional and post-transcriptional interactions, and further
incorporating growth stages and temporal expression. These results provide a unique,
comprehensive illustration of a sophisticated QS network and will contribute to a better
comprehension of the regulatory mechanisms that can be involved in the expression of QS-
controlled genes, in particular those associated with the establishment of host-pathogen

interactions and acclimatization to the environment.
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56 Introduction

57  Quorum sensing (QS) is a global regulatory mechanism of gene expression depending on

58  bacterial density (1). Gram-negative bacteria typically possess homologues of the LuxI/LuxR
59  system initially characterized in the bioluminescent marine bacterium Vibrio fischeri (2). The
60 signaling molecules N-acyl-L-homoserine lactones (AHLs) produced by the LuxI-type

61  synthases accumulate in the environment throughout bacterial growth, providing information
62  on cell density. These AHLs activate the LuxR-type transcriptional regulators that modulate
63  the expression of QS target genes, which usually contain a lux-box sequence in their promoter
64  region. These genes include a luxl homologue encoding a LuxI-type synthase generally

65 located in close vicinity of a [luxR homologue that codes for a LuxR-type transcriptional

66  regulator, resulting in a typical self-inducing loop of AHLs (3).

67  Species belonging to the Burkholderia genus generally carry a unique AHL-based QS system
68  referred as the Cepl/CepR QS system (4). The Cepl synthase is responsible for the production
69  of octanoyl-HSL (Cg-HSL), whereas the CepR transcriptional regulator modulates the

70  expression of QS target genes in association with Cg-HSL, including the cepl gene (4).

71 Additionally, cepR expression can be auto-regulated (5, 6). Multiple QS circuitries were also
72 described in several Burkholderia spp., such as the members of the Btpm group that consists
73 of the non-pathogenic soil saprophyte Burkholderia thailandensis and the closely-related

74 pathogens Burkholderia pseudomallei and Burkholderia mallei responsible for melioidosis
75 and glanders, respectively (7-9). QS was reported to be involved in the regulation of several
76  virulence factors in B. pseudomallei and to be essential to its pathogenicity (10). Designated
77  as the avirulent version of B. pseudomallei (11), B. thailandensisis commonly used as a

78  surrogate model for the study of B. pseudomallel, who is considered a potential bioterrorism

79  agent and whose manipulation is consequently restricted to biosafety level 3 (BSL3) labs. The
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80 members of the Bptm group contain homologous LuxI/LuxR QS systems that are involved in
81  the biosynthesis of various AHLs (12-16). In B. thailandensis, the LuxI/LuxR QS systems are
82  referred as the Btall/BtaR1 (QS-1), Btal2/BtaR2 (QS-2), and Btal3/BtaR3 (QS-3) QS

83  systems. The QS-1, QS-2, and QS-3 systems are also found in B. pseudomallei, whereas the
84  QS-2 system is absent in B. mallei (17). These species also possess additional orphan luxR

85  homologs, namely btaR4 (malR) and btaR5 in B. thailandensis E264 (7-9, 18).

86  The QS-1 system is composed of the btal 1 and btaR1 genes that codes for the Btall synthase
87 and the BtaR1 transcriptional regulator, respectively. Btall is responsible for the production
88  of Cs-HSL (12, 14, 16), and transcription of btal 1 is positively modulated by BtaR1 (19). The
89  Btal2 synthase and the BtaR2 transcriptional regulator encoded by the btal2 and btaR2 genes,
90 respectively, constitute the QS-2 system. BtaR2 directly activates expression of btal2

91 involved in both 30HC,(-HSL and 30HCs-HSL biosynthesis (15). The QS-3 system

92  comprises the btal3 gene encoding the Btal3 synthase that also catalyzes the synthesis of

93  30HCs-HSL (12, 13, 16), as well as the BtaR3 transcriptional regulator, the product of the

94  btaR3 gene located next to btal3.

95  The main goal of this study was to dissect the QS regulatory network of B. thailandensis E264
96 to reveal the interactions existing between the QS-1, QS-2, and QS-3 systems. Besides
97  verifying previously proposed and established interactions, we uncovered several
98 interconnections between the QS-1, QS-2, and QS-3 systems, providing a comprehensive
99  picture of the complex QS network in B. thailandensis E264. Ultimately, this study will
100  contribute to a better appreciation of the QS regulatory mechanism of gene expression in B.

101 thailandensis, and in particular those related to pathogenicity in B. pseudomallei.

102
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103 Materials and methods

104  Bacterial strains and culture conditions

105  The bacterial strains used in this study are listed in Table S1. Unless otherwise stated, all

106  bacteria were cultured at 37°C in Tryptic Soy Broth (TSB; BD Difco™, Mississauga, ON,
107  Canada), with shaking (240 rpm) in a TC-7 roller drum (New Brunswick, Canada), or on Petri
108  dishes containing TSB solidified with 1.5% agar. When required, antibiotics were used at the
109  following concentrations: 15 pug/mL tetracycline (Tc¢) and 25 pg/mL gentamycin (Gm) for
110  Escherichia coli DH5a, while Tc was used at 200 png/mL for B. thailandensis E264. All

111  measurements of optical density (ODg) were acquired with a Thermo Fisher Scientific

112 NanoDrop® ND-1000 Spectrophotometer.

113

114  Construction of plasmids

115  All plasmids used in this study are described in Table S2. Amplification of the promoter

116  regions of btal 1, btal2, and btal3 was performed from genomic DNA of B. thailandensis

117 E264 using appropriate primers (Table S3). The amplified products were digested with the
118  FastDigest restriction enzymes Xhol and BamHI (Thermo Fisher Scientific) and inserted by
119 T4 DNA ligase (Bio Basic, Inc., Markham, ON, Canada) within the corresponding restriction
120  sites in the mini-CTX-lux plasmid (20), generating the transcriptional reporters pSLGO02,

121 pSLGO03, and pSLGO4, respectively. Amplification of btaR1 and btaR3 was similarly

122 performed using the primers shown in Table S3 and the products were digested with the

123 restriction enzymes Xbal and Sacl before ligation within the corresponding restriction sites in
124 the pJN105 plasmid (21), generating the arabinose-inducible expression vectors pSLG23 and

125  pSLG24, respectively. All primers were from Alpha DNA (Montreal, QC, Canada).
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126
127  Reporter strains construction

128  The mini-CTX-btal 1-lux, mini-CTX-btal2-lux, and mini-CTX-btal 3-lux transcriptional
129  reporters were integrated into the chromosome of B. thailandensis E264 strains through
130  conjugation with E. coli x7213 followed by selection with Tc. Successful chromosomal
131  insertion of the btal 1-lux, btal2-lux, and btal3-lux plasmids was confirmed by PCR using

132 appropriate primers.
133
134 LC-MS/MS quantification of AHLs

135  The concentration of AHLs was determined from culture samples of B. thailandensis E264
136  obtained at different time points during bacterial growth, by liquid chromatography coupled to
137  tandem mass spectrometry (LC-MS/MS). The samples were prepared and analyzed as

138  described previously (22). 5,6,7,8-tetradeutero-4-hydroxy-2-heptylquinoline (HHQ-d4) was
139  used as an internal standard. All experiments were performed in triplicate and carried out at

140  least twice independently.
141
142 Measurement of btal 1-lux, btal 2-lux, and btal 3-lux reporters’ activity

143 Expression from the promoter regions of btal 1, btal2, or btal3 was quantified by measuring
144  the luminescence of B. thailandensis E264 cultures carrying the corresponding chromosomal
145  reporters. Overnight bacterial cultures were diluted in TSB to an initial ODggo = 0.1 and

146  incubated as indicated above. The luminescence was regularly determined from culture

147  samples using a multi-mode microplate reader (Cytation™™ 3, BioTek Instruments, Inc.,
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148  Winooski, VT, USA) and expressed in relative light units per culture optical density

149  (RLU/ODgq). For experiments with additions of AHLSs, cultures were supplemented or not
150  with 10 uM Cs-HSL, 30HC,(-HSL, and 30HC3-HSL (Sigma-Aldrich Co., Oakville, ON,

151  Canada) from stocks prepared in HPLC-grade acetonitrile. Acetonitrile only was added in

152 controls. All experiments were performed with three biological replicates and repeated at least

153  twice.

154

155  Heterologous E. coli expression systems for BtaR1, BtaR2, and BtaR3 regulation of

156  btall, btal2, and btal 3 expressions

157  Recombinant E. coli DH5a containing both a transcriptional fusion btal 1-lux, btal2-lux, or
158  btal3-lux and an arabinose-inducible expression vector pJN105-btaR1, pJN105-btaR2, or

159  pJN105-btaR3 were used to determine the response of the btal 1, btal2, and btal3 promoters
160  genes to the BtaR1, BtaR2, and BtaR3 transcriptional regulators. Overnight bacterial cultures
161  of E. coli DH5a carrying the respective plasmid combinations were diluted in LB broth

162  (Alpha Biosciences, Inc., Baltimore, MD, USA), with appropriate antibiotics and grown in
163  triplicate at 37°C, with shaking in a TC-7 roller drum. When reaching an ODgqy = 0.5, cultures
164  were supplemented with 1 or 10 uM Cg-HSL, 30HC,p-HSL, or 30HCs-HSL. Acetonitrile
165  only was added in controls. The BtaR1, BtaR2, and BtaR3 expression vectors were induced
166  with 0.2% L-arabinose (w/v). The btal 1-lux, btal2-lux, and btal3-lux luciferase activity was
167  measured every 30 min during 10 hrs as described above. All experiments were repeated at

168  least three times.

169

170  Quantitative reverse-transcription PCR experiments
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171  Total RNA of B. thailandensis E264 cultures at an ODggo = 4.0 was extracted with the

172 PureZOL RNA Isolation Reagent (Bio-Rad Laboratories, Mississauga, ON, Canada) and

173 treated twice with the TURBO DNA-free™ Kit (Ambion Life Technologies, Inc., Burlington,
174  ON, Canada), according to the manufacturer’s instructions. Extractions were done on three
175  different bacterial cultures. Quality and purity controls were confirmed by agarose gel

176  electrophoresis and UV spectrophotometric analysis, respectively. cDNA synthesis was

177 performed using the iScript™ Reverse Transcription Supermix (Bio-Rad Laboratories) and
178  amplification was accomplished on a Corbett Life Science Rotor-Gene® 6000 Thermal

179 Cycler, using the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad

180  Laboratories), according to the manufacturer's protocol. The reference gene was ndh (23). All
181  primers used for cDNA amplification are presented in Table S4. Gene expression differences
182 between Burkholderia thailandensis E264 strains were calculated using the 274" formula
183  (24). A threshold of 0.5 was chosen as significant. All experiments were performed in

184  triplicate and carried out at least twice independently.

185
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186  Results

187  The B. thailandensis QS-1, QS-2, and QS-3 systems are sequentially activated

188  B. thailandensis E264 produces 30HC;p-HSL and to lesser extents, Cs-HSL and 30HCg-HSL
189 (12, 15). Considering that non-simultaneous production of AHLs was suggested in B.

190 pseudomallei (16), we hypothesized that these three AHLs are differentially produced over
191  the bacterial growth stages of B. thailandensis E264. We thus determined the production

192 profiles of Cs-HSL, 30HC,p-HSL, and 30HCs-HSL at various time points of the bacterial
193  growth. LC-MS/MS was used to quantify concentrations of these AHLs in B. thailandensis
194  E264 wild-type cultures. We found that 30HC,o-HSL levels increased rapidly through the
195  early logarithmic (ODggo ~ 3.0) and late exponential phases (ODgg = 5.0), but decreased later
196  on (Fig. 1A). Interestingly, 30HCg-HSL concentrations kept increasing all along bacterial
197  growth to levels similar to 30HC;o-HSL (Fig. 1A), while Cs-HSL only accumulated during
198  the early exponential growth phase (ODggo = 4.0), but then remained stable during the

199  stationary phase (ODggo = 8.0; Fig. 1A).

200 To gain additional insights, AHLs biosynthesis was correlated to btal 1, btal2, and btal3

201  expressions. The activity of the chromosomal btal 1-lux, btal2-lux, and btal 3-lux

202  transcriptional reporters was measured during bacterial growth. In agreement with the AHLs
203  production profiles, activation of both btal 1 and btal2 was observed from the beginning of the
204  exponential phase, whereas btal3 was not activated until the stationary phase was reached

205  (Fig. 1B). Collectively, our results point toward a sequential activation of the different QS

206  systems in B. thailandensis E264.

207

208  Interconnections between the three QS systems are observed

10
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209  In order to verify whether the sequential activation of the QS-1, QS-2, and QS-3 systems

210  results from interactions between these systems, we determined the AHLs production kinetics
211  in cultures of the AbtaR1 (JBT107), AbtaR2 (JBT108), and AbtaR3 (JBT109) mutants versus
212 wild-type B. thailandensis E264. We also measured expressions of the AHL synthase-coding
213 genes btal 1, btal2, and btal3 in the same background harboring a chromosomal btal 1-lux,

214  btal2-lux, or btal3-lux transcriptional fusion.

215  Btall produces Cs-HSL and BtaR1 is considered the main regulator of btal1 expression (12).
216  Therefore, we were surprised to see an increased production of Cs-HSL in the AbtaR1 mutant
217  in comparison with the wild-type strain (Fig. 2A). This overproduction in the absence of

218  BtaR1 was principally detected from the end of the exponential phase. Nevertheless,

219  transcription of the btal 1 gene was indeed lower in AbtaR1 throughout the different stages of
220  bacterial growth and was almost not detected in the early logarithmic growth (Fig. 2B).

221  Following those results, it was important to confirm that btal 1 expression is directly

222 modulated by BtaR1 in conjunction with Cg-HSL. We monitored btal 1 expression in response
223 to exogenous addition of Cg-HSL in the wild-type strain of B. thailandensis E264 and in its
224  AbtaRl, Abtall (JBT101), and Abtal 1 Abtal2Abtal3 (JBT112) mutants. The btal 1 gene

225  exhibited a comparable transcriptional profile in the absence of BtaR1 or Cg-HSL, supporting
226  that BtaR1/Cs-HSL indeed activates btal1 transcription (Fig. S1A). Accordingly, adding

227  exogenous Cs-HSL to the culture of the Abtal 1 mutant as well as in the Abtal 1Abtal2Abtal3
228  mutant restored btal 1 transcription (Fig. S1A). While btal 1 expression was induced in the
229  wild-type strain culture supplemented with exogenous Cg-HSL, no difference was noticed for
230 the AbtaRIl mutant (Fig. S1A). To confirm that btal 1 is directly activated by BtaR1, we

231  measured the luciferase activity of btal 1-lux in the heterologous system E. coli DH5a,

232 expressing btaR1 controlled by an arabinose-inducible promoter. In agreement with the

233 detection of a putative lux-box sequence found in the promoter region of btal 1, BtaR1

11
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234  increased btall transcription (Fig. S1B). However, no significant further activation was

235  observed in response to addition of Cs-HSL (Fig. S1B). Interestingly, Cs-HSL concentrations
236  were also increased in the AbtaR2 mutant, with a matching upregulation of btal 1 expression
237 (Fig. 2). While Cg-HSL was also overproduced in the absence of BtaR3 during the stationary
238  phase, btal 1 transcription was downregulated in the AbtaR3 mutant in comparison with the
239  wild-type strain (Fig. 2). Collectively, these results suggest that btal 1 expression is also

240  controlled by BtaR2 and BtaR3. Nevertheless, no direct interactions between the btal 1

241 promoter and neither BtaR2 nor BtaR3 were observed in our heterologous expression systems

242 (data not shown).

243 30HC,-HSL is produced by the Btal2 synthase (12, 15). While BtaR2 directly activates

244 btal2 expression in response to 30HC,o-HSL and 30HCg-HSL, the latter also produced by
245  Btal2 (12, 15), the impact of BtaR2 on the production of these two AHLs is still unknown.
246 We observed that both 30HC,(-HSL biosynthesis and btal2 expression were almost

247  completely abolished in the AbtaR2 mutant (Fig. 3), confirming that BtaR2 is the main

248  regulator of 30HC;,-HSL biosynthesis via its effect on btal2 expression. Despite the absence
249  of BtaR2, we detected a slight, but consistent and highly reproducible, production of 30HC, -
250  HSL during the stationary phase (Fig. 3A). Accordingly, transcription of btal2 was also

251  slightly augmented later (Fig. 3B). Interestingly, while 30HC;o-HSL concentrations were
252 strongly increased in the AbtaR1 mutant in comparison with the wild-type strain (Fig. 3A),
253 expression of btal2 was not higher in the absence of BtaR1 (Fig. 3B). 30HC,,-HSL

254  concentrations were also increased in the AbtaR3 mutant background (Fig. 3A). The effect of
255  BtaR3’s absence on 30HC,o-HSL production was only observed from the end of logarithmic
256 growth (Fig. 3A), and loss of BtaR3 did not affect btal2 transcription either (Fig. 3B).

257  Collectively, these observations indicate that, in addition to BtaR2, both BtaR1 and BtaR3

258 also influence the biosynthesis of 30HC;o-HSL. Nevertheless, no discernible difference in

12
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259  btal2 transcription was observed in the absence of BtaR1 and BtaR3, suggesting that the

260 effect of these transcriptional regulators on the QS-2 system is indirect.

261  Btal3 is mainly responsible for 30HCg-HSL biosynthesis (12, 15). While no discernible

262  difference in 30HCs-HSL concentrations was detected in cultures of the AbtaR3 mutant when
263  compared to the wild-type strain, the levels of btal3 transcription were decreased in the

264  absence of BtaR3 (Fig. 4B). To confirm whether transcription of btal3 is dependent on

265  BtaR3, as well as on 30HCg-HSL, btal3 expression was measured in the wild-type strain and
266 in the AbtaR3 and Abtal3 (JBT103) mutants supplemented or not with exogenous 30HCs-
267  HSL. We found that btal3 was similarly downregulated in these two backgrounds, suggesting
268  that BtaR3 activates btal3 in response to 30HCs-HSL (Fig. S2A). Accordingly, btal3

269 transcription was not affected by the addition of 30HCs-HSL in the AbtaR3 mutant, but was
270  increased in the wild-type strain culture under the same conditions (Fig. S2A). Unexpectedly,
271  adding exogenous 30OHC3-HSL to the culture of the Abtal3 mutant did not restore btal3

272 transcription to wild-type levels (Fig. S2A). Since 30HCg-HSL production is not completely
273 abolished in the Abtal3 mutant strain (12, 13, 16), we examined the effect of 30HCs-HSL
274  addition on btal3 expression in the AHL-defective Abtal 1 Abtal2Abtal3 mutant and indeed
275  observed that transcription of btal3 was restored by 30HCg-HSL in this background (Fig.
276 S2A). To gain insight into the regulation of btal3, the activity of btal3-lux was also quantified
277  in E. coli DHSa, containing a BtaR3 expression vector with an arabinose-inducible promoter.
278  While no putative lux-box sequence was found in the promoter region of btal3, we observed
279  anincrease in btal3 transcription in the presence of BtaR3 (Fig. S2B). However, we did not
280  see any effect of 30HCs-HSL addition (Fig. S2B). Taken together, these data suggest that
281  Dbtal3 expression is controlled by additional AHLs and/or alternative LuxR-type

282  transcriptional regulators.
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As previously noted for Cg-HSL and 30HC,(p-HSL, the levels of 30HCg-HSL were enhanced
in the AbtaR1 mutant in comparison with the wild-type strain (Fig. 4A). While 30HC;,-HSL
overproduction was observed during the different stages of bacterial growth (Fig. 3A),
augmentation of 30HCg-HSL concentrations, similarly to Cg-HSL, principally occurred from
the end of the exponential phase in the AbtaR1 mutant (Fig. 4A). As seen for btal 1,
expression of btal3 was surprisingly lower in the absence of BtaR1 (Fig. 4B). Additionally,
we observed an increase in the amounts of 30HCg-HSL in the AbtaR2 mutant from the
stationary phase (Fig. 4A). Nevertheless, no obvious change in expression of btal3 was
visible (Fig. 4B), suggesting that unknown factors are involved in the regulation of 30HCjs-

HSL biosynthesis.

We also analysed AHLs production in the AbtaR4 (JBT110) and AbtaR5 (JBT111) mutants

and no difference with the wild-type strain production was found (data not shown).

BtaR1, BtaR2, and BtaR3 are transcriptionally intertwined

In order to verify whether the QS modulatory cascade also involves cross-regulations between
BtaR1, BtaR2, and BtaR3, btaRl1, btaR2, and btaR3 expressions were assessed by quantitative
reverse-transcription PCR (qQRT-PCR) in the B. thailandensis E264 wild-type strain and in the
AHL-defective Abtal 1 Abtal2Abtal 3 mutant during the exponential phase (ODggo =~ 4.0).
Interestingly, expressions of all transcriptional regulators were affected by the absence of
AHLs (Fig. 5), indicating that btaR1, btaR2, and btaR3 are QS-controlled. While btaR1
transcription was increased in the Abtal 1Abtal2Abtal3 mutant when compared to the wild-
type strain (Fig. 5A), btaR2 and btaR3 were both downregulated in the absence of AHLs
(Figs. 5B and C). To further investigate the impact of AHLs on btaR1, btaR2, and btaR3

expressions, their transcription was measured in the Abtal 1 Abtal2Abtal 3 mutant
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307  supplemented with exogenous Cs-HSL, 30HC;¢-HSL, or 30HCs-HSL. Interestingly, btaR1,
308 btaR2, and btaR3 expressions were restored in the presence of AHLs (Fig. 5), suggesting that
309 these genes are transcriptionally intertwined. Collectively, our results indicate that the QS-1,
310 QS-2, and QS-3 systems interdependence also implicates cross-modulations between BtaR1,

311 BtaR2, and BtaR3.

312

313  Expressions of btal 1, btal 2 and btal3 are modulated by AHLs

314  To further elucidate the regulatory mechanisms directing btal 1, btal2, and btal3 expressions,
315 the activity of the chromosomal btal 1-lux, btal2-lux, and btal3-lux transcriptional reporters
316  was measured in the AHL-defective Abtal 1 Abtal2Abtal3 mutant supplemented or not with
317  exogenous AHLs. We had noted that the QS-1 and QS-2 systems were both activated from
318  the logarithmic growth, whereas activation of the QS-3 system started in the stationary phase
319  (Fig. 1). Therefore, experiments with btal 1-lux and btal2-lux were done during the

320  exponential phase (ODggo = 4.0), while those with btal3-lux were performed during the

321  stationary phase (ODggo =~ 8.0). Furthermore, AHLs impact on btal 1, btal2, and btal3

322 expressions was also estimated by monitoring the activity of btal 1-lux, btal2-lux, and btal3-
323  luxin cultures of the Abtal 1, Abtal2 (JBT102), and Abtal3 mutants versus wild-type B.

324  thailandensis E264.

325  We have demonstrated that transcription of btal 1 is directly controlled by BtaR1 and activated
326 by Cg-HSL (Fig. S1). Additionally, btal1 expression was enhanced in the presence of

327  30HC,p-HSL or 30HCs-HSL in the AHL-negative mutant background (Fig. 6A). Using a

328  heterologous expression system, we also confirmed that BtaR2 modulates directly btal2

329 transcription in response to 30HCo-HSL or 30HCs-HSL (Fig. S4). While btal2 expression

330  was accordingly activated by both 30HC,p-HSL and 30HCs-HSL in the Abtal 1 Abtal2Abtal 3

15


https://doi.org/10.1101/128819
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/128819; this version posted April 19, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

aCC-BY-NC-ND 4.0 International license.

mutant (Fig. 6B), we noticed again that transcription of btal2 was most strongly increased by
the presence of 30HC;o-HSL (Fig. 6B). Transcription of btal3 was at least doubled in the
Abtal 1Abtal2Abtal3 mutant strain culture when supplemented with any of the three AHLs
(Fig. 6C). Here, btal3 expression was substantially increased in the presence of 30HCs-HSL
(Fig. 6C). Since all three AHLs seem able to activate btal3 expression, we investigated
whether their respective influence changes over the various growth phases. Strikingly,
activation of btal3 transcription by Cs-HSL is more prominent during the logarithmic growth

phase, whereas btal3 is mostly activated by 30HCs-HSL during the stationary phase (Fig. 7).

Discussion
Although the QS-1, QS-2, and QS-3 systems of B. thailandensis had been previously
described (12, 15), a detailed picture of the interactions composing this complex QS

regulatory network had never been exposed.

As previously described for B. pseudomallel KHW (16), we observed variations in the
biosynthesis of the main AHLs produced by B. thailandensis E264 throughout the bacterial
growth phases (Fig. 1A), as well as in the transcription of the three AHL synthase-coding
genes btal 1, btal2, and btal3 (Fig. 1B). These observations highlighted the timing of
expression of QS-1, QS-2, and QS-3 during the different stages of growth and consequently
the existence of potential interactions between these QS-systems. While Cg-HSL is generally
considered the primary AHL produced by Burkholderia spp. (4), and is indeed predominately
detected in stationary phase cultures of B. pseudomallei K96243 and B. mallei ATCC 23344
(14, 16), we confirmed that 30HC,,-HSL is actually the most abundant AHL found in B.
thailandensis E264 cultures during the different stages of growth (Fig. 1A), revealing the

importance of the QS-2 system in the QS circuitry of B. thailandensis E264 (Fig. 8).
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355  While 30HC,p-HSL and 30HCs-HSL are both reported to be produced by Btal2 (12, 15), we
356  observed differences in the production profiles of these AHLs (Fig. 1A). Indeed, the

357  concentration of 30HCo-HSL first increased and then decreased in the exponential and

358  stationary phases respectively, whereas the levels of 30HCs-HSL increased throughout the
359  different stages of growth similarly to the expression pattern of btal2 (Fig. 1B). This suggests
360 that 30HCg-HSL is produced by Btal2 at the expense of 30HC;p-HSL. Since Btal3 was also
361  shown to catalyze the biosynthesis of 30HCg-HSL (12, 15), and considering the btal3

362 transcription profile, we assume that production of 30HCg-HSL during the exponential phase
363  is mainly the product of Btal2, whereas Btal3 is principally responsible for 30HCg-HSL

364  biosynthesis during the stationary phase, implying a cooperation between the QS-2 and QS-3
365 systems (Fig. 8). Consistently, btal2 activation by 30HCs-HSL was detected in the

366  exponential phase (Fig. 6B), whereas we determined that 30HCs-HSL activated btal3 in the
367  stationary phase (Fig. 6C). However, we observed that btal2 expression was mainly enhanced
368 by 30HC,(-HSL, indicating that BtaR2 exhibits a higher affinity for 30HC;(-HSL than for
369 30HCs-HSL. The bpsl2 gene that codes for the BpsI2 synthase was also shown to be

370  substantially activated by 30HC,,-HSL in B. pseudomallei KHW (16). Still, the levels of

371  expression of btal2 were similar in the wild-type strain of B. thailandensis E264 and in the
372 Abtal2 mutant (Fig. 3B). Considering that 30HCg-HSL is produced in the absence of Btal2
373 (15), we must conclude that both 30HC,p-HSL and 30HCs-HSL can induce the transcription
374  ofbtal2. Accordingly, Majerczyk et al. demonstrated that btaR2 expression is stimulated by
375 30HCs-HSL (19). We determined that the transcription of btaR2 was affected by the absence
376  of AHLs, indicating that btaR2 is also QS-controlled (Fig. 5B), and we observed an activation
377 by both 30HC,(-HSL and 30HCs-HSL, suggesting that btaR2 transcription is auto-regulated
378  as well. Surprisingly, expressions of btal2 and btaR2 were also induced by Cg-HSL. Since we

379  confirmed that BtaR2 does not specifically respond to Cs-HSL (Fig. S4), we assume that
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380 activation by this AHL is linked to an alternative LuxR-type transcriptional regulator and that

381 the transcription of btal2 and btaR2 is not only under BtaR2 control.

382  Since the AbtaR1 and AbtaR3 mutants both accumulated 30HC,o-HSL principally in the

383  exponential and stationary phases, respectively (Fig. 3A), suggesting that the regulation of the
384  levels of 30HC,p-HSL does not only involve BtaR2 and might imply a dynamic coordination
385  ofthe B. thailandensis E264 QS circuitry. The differences observed between the 30HC; -

386  HSL production and btal2 transcription profiles could also be attributed to interactions

387  Dbetween the QS-1, QS-2, and QS-3 systems. Nevertheless, neither BtaR 1, nor BtaR3 affected
388 the transcription of btal2 during the different stages of growth (Fig. 3B). We thus hypothesize
389  that BtaR1 and BtaR3 act indirectly on btal2 expression by modulating the activity of Btal2
390 for instance or that unknown factors might be involved in the regulation of 30HC,p-HSL

391  biosynthesis. The btal2 gene is predicted to be organized in operon with two additional genes,
392  namely BTH_I11226 (btaE) and BTH_111228 (btaF; Fig. S3). Interestingly, the BTH_111228
393  gene encodes a hypothetical protein conserved in the Burkholderia genus (25). This

394  hypothetical protein is 37% identical to RsaM of B. cenocepacia J2315 (26). RsaM was

395  shown to inhibit AHLs production in Pseudomonas fuscovaginae (27). While the BTH_111228
396  gene is located in a cluster involved in bactobolin biosynthesis (28), its involvement was

397 actually not demonstrated. Interestingly, we observed that Cs-HSL, 30HC,,-HSL, and

398  30OHCs-HSL concentrations are all increased when the BTH_111228 gene is inactivated (S. Le
399  Guillouzer, M. C. Groleau, and E. Déziel, unpublished data). Therefore, we rename this

400  hypothetical protein RsaM?2.

401  Interestingly, a gene encoding a hypothetical protein sharing 63% identity with the B.
402  cenocepacia J2315 RsaM that we call RsaM 1 was also found between the btal 1 and btaR1
403  genes (Fig. S3). While a mutant in the rsaM gene of B. cenocepacia H111 showed higher

404  levels of Cg-HSL, expression of the QS regulatory cepl and cepR genes, encoding respectively
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405  the LuxI-type synthase Cepl and the LuxR-type transcriptional regulator CepR, were lowered
406  in the rsaM- mutant in comparison with the wild-type strain (26). In agreement with the

407  putative lux-box sequence found in the promoter region of rsaM, the rsaM gene was shown to
408  be positively and directly controlled by CepR (29). Investigating the effect of RsaM1 on

409  AHLs biosynthesis in B. thailandensis E264 showed that Cs-HSL and 30HCg-HSL are both
410  overproduced in the rsaM1- mutant when compared to the wild-type strain (S. Le Guillouzer,
411 M. C. Groleau, and E. Déziel, unpublished data). How RsaM1 impacts btal1 and btaR1

412  expressions has not been determined yet and is still under investigation. Interestingly, our

413  transcriptomic sequencing analyses indicate that QS positively regulates the expression of the
414  rsaM1 gene, as well as rsaM2 (S. Le Guillouzer, M. C. Groleau, and E. Déziel, unpublished

415  data), and could thus be a target of BtaR1.

416  The QS-1 system, that consists in Btall and BtaR1, is homologous to the B. pseudomallei

417  Bpsl/BpsR and B. mallei Bmall/BpR1 QS systems. The Btall protein of B. thailandensis
418  E264 is 97% identical to B. pseudomallei K96243 Bpsl and B. mallei ATCC 23344 Bmall,
419  whereas the BtaR1 protein shares 99% identity with BpsR and BmaR1. Chandler et al. (12)
420  demonstrated that Btall is responsible for Cg-HSL production, as described previously for the
421  Bpsl and Bmall synthases (14, 30). Furthermore, the BpsR and BmaR1 transcriptional

422 regulators were shown to directly activate the bpsl and bmal 1 genes in response to Cs-HSL
423 (14, 31). Accordingly, Majerczyk et al. reported that BtaR1 modulates positively btal 1

424  transcription (19). We observed a strong BtaR 1-dependant induction of btal 1 by Cg-HSL

425  (Fig. S1A), and we demonstrate here that btal 1 is directly controlled by BtaR1 (Fig. S1B).
426  However, we were unable to witness a change in btal 1 activation by Cg-HSL addition in our
427  heterologous system, suggesting that an unknown factor could be involved in the interaction
428  of BtaR1 with its ligand. While we demonstrated that BtaR 1 constitutes the main regulator of

429  Dbtall expression, we assume that BtaR1 represents the main regulator of Cg-HSL biosynthesis
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as well. Since the AbtaR1 mutant surprisingly accumulated more Cg-HSL (Fig. 2A),
posttranscriptional regulation on btal 1 expression is logically occurring. We propose that
overproduction of Cs-HSL detected in the AbtaR1 mutant might be linked to RsaM1 activity.
However, it is not excluded that additional unknown factors act on Cg-HSL biosynthesis. A
hypothetical protein encoded by the BCAM1871 gene co-transcribed with cepl, contributes to
QS in B. cenocepacia K56-2 (32). The BCAM1871 protein seems to act as an enhancer of
AHL activity (32). Orthologs of the BCAM1871 gene are found downstream from a gene
encoding a LuxI-type synthase in many Burkholderia species (32). The BTH_111513 gene, in
B. thailandensis E264, encodes a hypothetical protein sharing 56% identity with the
BCAM1871 protein of B. cenocepacia J2315 (Fig. S3). Majerczyk et al. reported that
BTH_111513 is activated by AHLs (19). Accordingly, our transcriptomic sequencing analyses
confirm that QS regulates positively the BTH_111513 gene expression (S. Le Guillouzer, M.
C. Groleau, and E. Déziel, unpublished data), and suggest that it is co-transcribed with btal 1.
We propose that the BTH_ 111513 protein is functionally homologous to the BCAM1871

protein, and could then similarly affect the QS-1 system.

The AbtaR2 mutant also accumulated Cs-HSL (Fig. 2A). Accordingly, we saw an increase in
btal1 expression in the absence of BtaR2 (Fig. 2B), which indicates again an interaction
between QS-2 and QS-1 (Fig. 8), and reveals that the timing of expression of QS-1 system is
dependent on QS-2. Our results also show that btal1 expression was activated by 30HC, -
HSL and 30HCs-HSL (Fig. 6A). Since no overexpression of the btal1 gene was noticed in
the Abtal2 mutant (Fig. 2B), we propose that BtaR2 represses the QS-1 in absence of its
ligand (Fig. 8), suggesting that btal 1 activation by 30HC;,-HSL and 30HCs-HSL involves

alternative LuxR-type transcriptional regulators.

We have also shown that btal 1 is positively controlled by BtaR3 (Fig. 2B). Thus, BtaR3

could be responsible for activation of btal 1 by 30HC,o-HSL and 30HCs-HSL. Consistently,
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455  adding exogenously 30HC,-HSL or 30HCg-HSL to the culture of the AbtaR3 mutant did not
456  affect expression of btal 1 (data not shown), confirming that activation of btal1 by 30HC; -
457  HSL and 30HCg-HSL is linked to BtaR3, revealing another interaction, this one between QS-
458 3 and QS-1 (Fig. 8). Our results thus suggest that the QS-1 system could be positively

459  controlled by BtaR3 at the transcriptional level. However, we observed an overproduction of
460  Cg-HSL in the AbtaR3 mutant when compared to the wild-type strain (Fig. 2A), suggesting
461  another regulation layer that as yet to be investigated. Additionally, btaR1 expression was

462  upregulated in the Abtal 1 Abtal2Abtal3 mutant (Fig. 5A), indicating that expression of btaR1
463  is negatively regulated by Cs-HSL, 30H,o-HSL, and 30HCg-HSL. Accordingly, expression
464  of the bpsR gene encoding BpsR was also reported to be QS regulated in B. pseudomallei

465 (30).

466  The QS-3 system, homologous to B. pseudomallei BpsI3/BpsR3 and B. mallei

467 Bmal3/BmaR3, is believed to be composed of Btal3 and BtaR3 considering the juxtaposition
468  of btal3 and btaR3 on the genome of B. thailandensis (Fig. S3). The Btal3 protein exhibits
469  92% identity with B. pseudomallel K96243 BpsI3 and B. mallei ATCC 23344 Bmal3,

470  whereas the BtaR3 protein is 96% identical to BpsR3 and BmaR3. Similarly to the BpsI3 and
471  Bmal3 synthases, Btal3 was shown to produce 30HCg-HSL (12, 13, 16). While the BpsR3
472 and BmaR3 transcriptional regulators specifically respond to 30HCs-HSL, the bpsl3 and the
473 bmal3 genes were not reported to be directly activated by BpsR3 and BmaR3 in conjunction
474  with 30HCg-HSL, respectively (13, 16). Here in B. thailandensis E264, we demonstrated that
475  btal3 is positively controlled by BtaR3 and activated by 30HCg-HSL since btal3 expression
476  is downregulated in the AbtaR3 and Abtal3 mutants, respectively (Fig. 4B). Unexpectedly,
477  transcription of btal3 was restored in Abtal 1 Abtal2Abtal3 in the presence of 30HCg-HSL,
478  whereas adding 30HCg-HSL to the cultures of the Abtal3 mutant had no impact on the btal3

479  gene (Fig. S2A). Gamage et al. (16) demonstrated that the B. pseudomallei KHW Bpsl/BpsR
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480  and BpsI3/BpsR3 QS circuits are both involved in the regulation of biofilm formation,

481  whereas the development of biofilm was shown to be controlled by the QS-1 system in B.

482  thailandensis E264 (33). While biofilm formation was reduced in the absence of the Bpsl and
483  BpsI3 synthases, and restored to wild-type levels in the presence of Cs-HSL added

484  exogenously to the culture of the bpsl- mutant strain, 30HCg-HSL had not impact on the

485  reduction in biofilm formed by the bpsl3- mutant (16). Interestingly, 30HCs-HSL had also no
486  impact on btal3 in the Abtal 1Abtal2Abtal3 mutant in the presence of Cg-HSL and 30HC -
487  HSL (Fig. S5). Collectively, these observations indicate that the QS-3 system is more

488  complex than it appears. Considering that 30HCs-HSL is not completely abolished in the

489  absence of Btal3, we hypothesize that the difference observed in btal3 transcription between
490 the B. thailandensis E264 wild-type strain and its Abtal3 mutant is not exclusively induced by
491  30HC;-HSL, involving additional AHLs and/or alternative LuxR-type transcriptional

492  regulators. Appropriately, we observed that btal3 expression is also activated by 30HC -
493  HSL, albeit to a lesser extent. Similarly, the BtaR3-controlled genes identified in

494  transcriptomic analyses were also generally affected by both 30HCs-HSL and 30HC,p-HSL
495  (19). Considering that BpsR3 specifically responds to 30HC,p-HSL (16), and that BpsI3 and
496  Bmal3 both produce 30HC;p-HSL in addition to 30HCgs-HSL (13, 16), it seems that BtaR3
497  also functions with both 30HCs-HSL and 30HC,,-HSL. Additionally, btal3 expression was
498  substantially enhanced in the presence of 30HCg-HSL (Fig. 6C), suggesting that, in contrast
499  with BtaR2, the affinity of BtaR3 for 30HCg-HSL is higher than for 30HC,p-HSL. Using the
500 heterologous expression system E. coli DH5a, we also confirmed that BtaR3 directly activates
501  btal3 (Fig. S2B). Nevertheless, adding 30HCg-HSL had no influence on btal3 transcription.
502  As suggested previously, the concentrations of exogenous 30HCg-HSL added and/or the time
503  exposure to this AHL chosen could be responsible (16). Another explanation could be

504  disequilibrium between the artificially amounts of the BtaR3 protein produced and the levels
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505 of 30HCs-HSL used in our experiments. We did not see any effect in the presence of

506 30HC,;o-HSL as well (data not shown).

507 Interestingly, while activation of btal3 by 30HCs-HSL and 30HC,¢-HSL occurred during the
508  stationary phase (Fig. 7), auto-regulation of the btal1 and btal2 genes started during

509 logarithmic growth. These results illustrate the sequential activation of the three QS systems
510 observed during bacterial growth as QS-2 then QS-1 were both consecutively activated during
511 the exponential phase, while btal3 was not expressed until the stationary phase was reached
512  (Fig. 1B). We thus hypothesize that the QS-3 system surrogates the regulation of the QS-2
513  system targets by producing 30HCs-HSL in the stationary phase, whereas production of

514  30HCg-HSL by the QS-2 system essentially occurs during the exponential phase, which

515  would also explain why there is an overlap between both QS circuits when it comes to

516 30HCs-HSL and 30HC,p-HSL modulated genes (19). Importantly, while sharing common
517  AHLs, the QS-2 and QS-3 systems are apparently not transcriptionally linked, since BtaR2

518  does not regulate expression of btal3, and the btal2 gene is not controlled by BtaR3.

519  Since BtaR1 responds strongly to Cs-HSL and that btal3 is positively controlled by BtaR1,
520 we concluded that BtaR1 regulates btal3 expression in conjunction with Cs-HSL.

521  Furthermore, btal3 was activated by Cs-HSL during the exponential phase (Fig. 7), which is
522  consistent with the idea that the QS-1 system is required for the expression of btal3, and thus
523  resulting in a belated activation of the QS-3 circuit and pointing toward an interaction

524  between QS-1 and QS-3 (Fig. 8).

525  Additionally, the 30HCs-HSL concentrations were increased in the AbtaR1 mutant whereas
526  expression of btal3 was reduced to almost background levels. Consistently, expression of the
527  bpsl3 gene, encoding the BpsI3 synthase, was also shown to be affected by the Bpsl/BpsR QS

528  system (16). Thus, these results indicate that the regulation of 30HCs-HSL biosynthesis by
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BtaR1 does not implicate a direct interaction with the btal3 promoter but rather could imply
the effect of BtaR3 levels on btaR1 (19). We confirmed that, as seen for btal3, btaR3
expression is activated by Cs-HSL. These results support that btal3 is indirectly controlled by
BtaR1, highlighting again an interaction between QS-1 and QS-3 (Fig. 8). Furthermore, the
btaR3 gene was also activated by 30HCg-HSL and 30HC,-HSL (Fig. 5C), suggesting that

btaR3 expression is also auto-regulated.

Conclusion

The study described here finally provides a more comprehensive and clearer picture of the
interplay between the QS-1, QS-2, and QS-3 systems in B. thailandensis E264 (Fig. 8). We
observed interdependence between the QS-1 and QS-2 systems that could involve additional
factors such as the RsaM2 protein, highlighting once again that QS regulation can have many
layers. While the QS-3 system was shown to be controlled by BtaR1, we also found that
BtaR3 modulates the QS-1 system which indicates that those two systems are intertwined.
Interestingly, such QS-1 and QS-3 systems interaction seems to be conserved in the closely-
related species of the Bptm group (13, 16, 19). Additionally, the RsaM|1 protein could play a
role in the interconnection between the QS-1 and QS-3 systems. Interestingly, the QS-2 and
QS-3 systems that share common AHLs are apparently not transcriptionally linked, but
instead are temporally connected by their common AHLs. Collectively, our study suggests
that there are homeostatic regulatory loops provided by the various QS systems in B.
thailandensis resulting from transcriptional and post-transcriptional interactions, allowing

tightly controlled coordination of gene expression.

Although we have found new connections and insights on the QS cascade, there are still many
questions to be answered. The temporal pattern of QS-controlled genes clearly shows that
additional factors are involved (19, 31, 34).
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656 Figure legends

657  Figure 1. The QS-1, QS-2, and QS-3 systems are consecutively activated. (A) AHLs

658  production was measured by LC-MS/MS during the different stages of bacterial growth in
659  cultures of the wild-type strain of B. thailandensis E264. The error bars represent the standard
660 deviation of the average for three replicates. (B) The luciferase activity of the btal 1-lux,

661  btal2-lux, and btal3-lux chromosomal reporters was monitored during the early exponential
662  phase (ODggo = 3.0), the late logarithmic growth (ODggp = 5.0), and the stationary phase

663  (ODgoo = 8.0). The luminescence is expressed in relative light units per culture optical density

664  (RLU/ODygq).

665  Figure 2. Cs-HSL production and expression from the btal 1 promoter in the wild-type
666  and the QS mutant strains of B. thailandensis E264. (A) Biosynthesis of Cs-HSL was

667  quantified using LC-MS/MS at various times during growth in cultures of the wild-type and
668  of the AbtaR1, AbtaR2, and AbtaR3 mutant strains of B. thailandensis E264. The error bars
669  represent the standard deviation of the average for three replicates. The luminescence of the
670  mini-CTX-btal 1-lux transcriptional fusion was monitored in cultures of the wild-type and of
671 the AbtaRl1, AbtaR2, AbtaR3, Abtal 1, Abtal2, and Abtal3 mutant strains of B. thailandensis
672  E264 carrying a chromosomal btal 1-lux transcriptional reporter. The luminescence is

673  expressed in relative light units per culture optical density (RLU/ODgqp).

674  Figure 3. 30HC,p-HSL production and expression from the btal2 promoter in the wild-
675 type and the QS mutant strains of B. thailandensis E264. (A) Biosynthesis of 30HC -
676  HSL was quantified using LC-MS/MS at various times during growth in cultures of the wild-
677  type and of the AbtaR1, AbtaR2, and AbtaR3 mutant strains of B. thailandensis E264. The
678  error bars represent the standard deviation of the average for three replicates. The

679  luminescence of the mini-CTX-btal2-lux transcriptional fusion was monitored in cultures of
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680 the wild-type and of the AbtaR1, AbtaR2, AbtaR3, Abtal 1, Abtal2, and Abtal3 mutant strains
681  of B. thailandensis E264 carrying a chromosomal btal2-lux transcriptional reporter. The

682  luminescence is expressed in relative light units per culture optical density (RLU/ODgo).

683  Figure 4. 30HC;s-HSL production and expression from the btal 3 promoter in the wild-
684  type and the QS mutant strains of B. thailandensis E264. (A) Biosynthesis of 30HCg-HSL
685  was quantified using LC-MS/MS at various times during growth in cultures of the wild-type
686 and of the AbtaRl1, AbtaR2, and AbtaR3 mutant strains of B. thailandensis E264. The error
687  Dbars represent the standard deviation of the average for three replicates. The luminescence of
688  the mini-CTX-btal3-lux transcriptional fusion was monitored in cultures of the wild-type and
689  of the AbtaRl, AbtaR2, AbtaR3, Abtal 1, Abtal2, and Abtal3 mutant strains of B. thailandensis
690  E264 carrying a chromosomal btal3-lux transcriptional reporter. The luminescence is

691  expressed in relative light units per culture optical density (RLU/ODgq).

692  Figure 5. Effects of AHLs on the expressions of btaR1, btaR2, and btaR3. The relative

693 transcript levels of (A) btaRl, (B) btaR2, and (C) btaR3 from the B. thailandensis E264 wild-
694  type and its Abtal 1 Abtal2Abtal 3 mutant strain was estimated by qRT-PCR experiments.

695  Cultures were supplemented with 10 uM Cg-HSL, 30HC,(-HSL, or 30HCs-HSL.

696  Acetonitrile only was added in controls. The results are presented as relative quantification of
697  genes transcription compared to the wild-type normalized to 100%. The error bars represent

698  the standard deviation of the average for three replicates.

699  Figure 6. Activation of expression from the btal 1, btal 2, and btal 3 promoters by AHLs.
700  The luminescence of the mini-CTX-btal 1-lux, mini-CTX-btal2-lux, and mini-CTX-btal 3-lux
701  transcriptional fusions was monitored in cultures of the B. thailandensis E264

702  Abtal1Abtal2Abtal3 mutant strain haboring a chromosomal (A) btal 1-lux, (B) btal2-lux, and

703  (C) btal3-lux transcriptional reporter, respectively. Cultures were supplemented with 10 uM

31


https://doi.org/10.1101/128819
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/128819; this version posted April 19, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

704  Cg-HSL, 30HC,(-HSL, or 30HCg-HSL. Acetonitrile only was added in controls. The error
705  bars represent the standard deviation of the average for three replicates. The luminescence is

706  expressed in relative light units per culture optical density (RLU/ODgq).

707  Figure 7. Activation of expression from the btal3 promoter by AHLs. The luciferase
708  activity (bars) of the mini-CTX-btal3-lux transcriptional fusion was monitored at various
709  times during growth (lines) in cultures of the B. thailandensis E264 Abtal 1 Abtal2Abtal3
710  mutant, haboring a chromosomal btal 3-lux transcriptional reporter. Cultures were

711 supplemented with 10 uM Cg-HSL, 30HC,o-HSL, or 30HCg-HSL. Acetonitrile only was
712 added in controls. The error bars represent the standard deviation of the average for three
713 replicates. The luminescence is expressed in relative light units per culture optical density

714 (RLU/ODé()()).

715  Figure 8. Proposed interactions between the QS-1, QS-2, and QS-3 systems.

716
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717  Legends for supplemental material

718  Figure S1. btal 1 activation requires BtaR1 and Cs-HSL. (A) The luminescence of the

719  mini-CTX-btal 1-lux transcriptional fusion was monitored during the exponential phase

720  (ODgpo = 4.0) in cultures of the B. thailandensis E264 wild-type and the AbtaR1, Abtal 1, and
721 Abtal 1Abtal2Abtal3 mutant strains, haboring a btal 1-lux chromosomal reporter. Cultures
722 were supplemented with 10 uM Cg-HSL. Acetonitrile only was added in controls. The values
723 represent the mean of three replicates. The luminescence is expressed in relative light units
724 per culture optical density (RLU/ODgq). (B) The luciferase activity of btal 1-lux was

725  measured in the heterologous system E. coli DH5a, containing a BtaR1 expression vector

726  with an arabinose-inducible promoter.

727  Figure S2. btal3 is activated by BtaR3 and 30HCs-HSL. (A) The luciferase activity of the
728  mini-CTX-btal3-lux transcriptional fusion was measured during the stationary phase (ODgoo =
729  8.0) in cultures of the B. thailandensis E264 wild-type and the AbtaR3, Abtal3, and

730  Abtal1Abtal2Abtal3 mutant strains, containing a btal 3-lux chromosomal reporter. Cultures
731 were supplemented with 10 uM 30HCg-HSL. Acetonitrile only was added in controls. The
732 values represent the mean of three replicates. The luciferase activity is expressed in relative
733 light units per culture optical density (RLU/ODggp). (B) The luminescence of btal 3-lux was

734  quantified in E. coli DH5a, expressing btaR3 controlled by an arabinose-inducible promoter.

735  Figure S3. Genetic organization of the QS-regulatory genes in B. thailandensis E264.
736  btaR1 and btal 1 are not located next to each other and are divergently transcribed in B.

737  thailandensis E264. The promoter region of btal 1 contains a putative lux-box sequence

738  centered 73.5 bp usptream of the btal 1 translation start site

739 (CCCTGTAAGGGTTAACAGTT). btaR2 and btal2 are also not located next to each other

740  and are divergently transcribed in B. thailandensis E264 as well. The promoter region of btal2
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741  contains a putative lux-box sequence centered 65.0 bp usptream of the btal2 translation start

742 site (ACCTGTAGAAATCGTAGT). btal3 and btaR3 are transcribed in the same direction

743  and are located next to each other in B. thailandensis E264.

744  Figure S4. btal 2 is directly activated by BtaR2 in response to 30HCs-HSL or 30HC -
745  HSL. The luciferase activity of the mini-CTX-btal2-lux transcriptional fusion was monitored
746  in the heterologous system E. coli DH5a, containing a BtaR2 expression vector with an

747  arabinose-inducible promoter. Cultures were supplemented with 10 pM Cs-HSL, 30HCs-
748  HSL, or 30HC,p-HSL. Acetonitrile only was added in controls. The values represent the

749  mean of three replicates. The luminescence is expressed in relative light units per culture

750  optical density (RLU/ODgg).

751  Figure S5. 30HCg-HSL activation of btal 3 is dependent on Cs-HSL and 30HC,,-HSL.
752 The luciferase activity of the mini-CTX-btal 3-lux transcriptional fusion was measured during
753  the stationary phase (ODgoo = 8.0) in cultures of the B. thailandensis E264 wild-type and the
754  Abtal1Abtal2Abtal3 mutant strains, containing a btal 3-lux chromosomal reporter. Cultures
755  were supplemented with 10 uM Cg-HSL, 30HC,(-HSL, and 30HCg-HSL. Acetonitrile only
756  was added in controls. The values represent the mean of three replicates. The luciferase

757  activity is expressed in relative light units per culture optical density (RLU/ODggp).

758  Table S1. Bacterial strains used in this study.

759  Table S2. Plasmids used in this study.

760  Table S3. Primers used for PCR.

761  Table S4. Primers used for qRT-PCR.

762
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Fig. 1. The QS-1, QS-2, and QS-3 systems are consecutively
activated. (A) AHLs production was measured by LC-MS/MS
during the different stages of bacterial growth in cultures of the
wild-type strain of B. thailandensis E264. The error bars represent
the standard deviation of the average for three replicates. (B) The
luciferase activity of the btall-lux, btal2-lux, and btal3-lux
chromosomal reporters was monitored during the early exponential
phase (ODgq, = 3.0), the late logarithmic growth (ODgy, = 5.0), and
the stationary phase (ODgy, = 8.0). The luminescence is expressed
in relative light units per culture optical density (RLU/ODg).
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Fig. 2. Cg-HSL production and expression from the brall
promoter in the wild-type and the QS mutant strains of B.
thailandensis E264. (A) Biosynthesis of C¢g-HSL was quantified
using LC-MS/MS at various times during growth in cultures of the
wild-type and of the AbtaR1, AbtaR2, and AbtaR3 mutant strains of
B. thailandensis E264. The error bars represent the standard
deviation of the average for three replicates. The luminescence of
the mini-CTX-btall-lux transcriptional fusion was monitored in
cultures of the wild-type and of the AbtaR1, AbtaR2, AbtaR3,
Abtall, Abtal2, and Abtal3 mutant strains of B. thailandensis E264
carrying a chromosomal btall-lux transcriptional reporter. The
luminescence is expressed in relative light units per culture optical
density (RLU/ODg).
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Fig. 3. 30HC,,-HSL production and expression from the btal2
promoter in the wild-type and the QS mutant strains of B.
thailandensis E264. (A) Biosynthesis of 30HC,,-HSL was
quantified using LC-MS/MS at various times during growth in
cultures of the wild-type and of the AbtaR1, AbtaR2, and AbtaR3
mutant strains of B. thailandensis E264. The error bars represent the
standard deviation of the average for three replicates. The
luminescence of the mini-CTX-btal2-lux transcriptional fusion was
monitored in cultures of the wild-type and of the AbfaR1, AbtaR2,
AbtaR3, Abtall, Abtal2, and Abtal3 mutant strains of B.
thailandensis ~ E264  carrying a  chromosomal  btal2-lux
transcriptional reporter. The luminescence is expressed in relative
light units per culture optical density (RLU/ODy).
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Fig. 4. 30OHC4-HSL production and expression from the btal3
promoter in the wild-type and the QS mutant strains of B.
thailandensis E264. (A) Biosynthesis of 30HCg-HSL was
quantified using LC-MS/MS at various times during growth in
cultures of the wild-type and of the AbtaR1, AbtaR2, and AbtaR3
mutant strains of B. thailandensis E264. The error bars represent the
standard deviation of the average for three replicates. The
luminescence of the mini-CTX-btal3-lux transcriptional fusion was
monitored in cultures of the wild-type and of the AbtaR1, AbtaR2,
AbtaR3, Abtall, Abtal2, and Abtal3 mutant strains of B.
thailandensis E264 carrying a chromosomal btal3-lux
transcriptional reporter. The luminescence is expressed in relative
light units per culture optical density (RLU/ODgq).
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Fig. 5. Effects of AHLs on the expressions of btaR1, btaR2, and
btaR3. The relative transcript levels of (A) btaR1, (B) btaR2, and
(C) btaR3 from the B. thailandensis E264 wild-type and its
AbtallAbtal2Abtal3 mutant strain was estimated by qRT-PCR
experiments. Cultures were supplemented with 10 pM Cg-HSL,
30HC,,-HSL, or 30HC¢-HSL. Acetonitrile only was added in
controls. The results are presented as relative quantification of
genes transcription compared to the wild-type normalized to 100%.
The error bars represent the standard deviation of the average for
three replicates.
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Fig. 6. Activation of expression from the btall, btal2, and btal3
promoters by AHLs. The luminescence of the mini-CTX-btall-
lux, mini-CTX-btal2-lux, and mini-CTX-btal3-lux transcriptional
fusions was monitored in cultures of the B. thailandensis E264
AbtallAbtal2Abtal3 mutant strain haboring a chromosomal (A)
btall-lux, (B) btal2-lux, and (C) btal3-lux transcriptional reporter,
respectively. Cultures were supplemented with 10 pM Cg-HSL,
30HC,,-HSL, or 30HC4-HSL. Acetonitrile only was added in
controls. The error bars represent the standard deviation of the
average for three replicates. The luminescence is expressed in
relative light units per culture optical density (RLU/ODygy).
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Fig. 7. Activation of expression from the btal3 promoter by
AHLs. The luciferase activity (bars) of the mini-CTX-btal3-lux
transcriptional fusion was monitored at various times during growth
(lines) in cultures of the B. thailandensis E264 Abtall Abtal2Abtal3
mutant, haboring a chromosomal bta/3-lux transcriptional reporter.
Cultures were supplemented with 10 uM C¢-HSL, 30HC,,-HSL, or
30HC;-HSL. Acetonitrile only was added in controls. The error
bars represent the standard deviation of the average for three
replicates. The luminescence is expressed in relative light units per
culture optical density (RLU/ODy).


https://doi.org/10.1101/128819
http://creativecommons.org/licenses/by-nc-nd/4.0/

EARLY

1

|

(0)
“.OO

o 30HC,;-HSL

BTH_Iu%TH_luzso btaR2

e

)

_< btal3 btaR3

ny oY

30HC,-HSL

O Btal3 BtaR3

o

—( btaR1 — rsaM1i

}

BtaR1

i

— btall >.BTH_II1513>-

BTH_II1>§TH_IIIZ30 btaR2

Fig. 8. Proposed interactions between the QS-1, QS-2, and QS-3 systems. |

i 30HC,-HSL

o

btaR3 _

_< btal3

ay io

®) Btal3 ' 'BtaR3

¢
.
@

—( btaR1 — rsaMi

}

o)

BtaR1

— btall >-BTH_lI11513-—



https://doi.org/10.1101/128819
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Manuscript Text File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

