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as LuxR2 and LuxR3 solos. Gene designations, accession 
numbers, amino acid length, GC content, and genetic orientation 
of all canonical LuxI/R1 and LuxR solos of Pandoraea species 
are presented in Supplementary Table S5. No QS gene was 
found on plasmid.

LuxI of Pandoraea Species Represents a 
Novel Evolutionary Branch of Quorum 
Sensing System
To determine the relatedness of LuxI in Pandoraea genus 
with the other well-characterized LuxI, phylogenetic and 
pairwise identity matric analyses were conducted. Figure 4 
shows the recent phylogenetic tree of LuxI from several 
groups that are most closely related to the LuxI in Pandoraea 
genus, together with pairwise identity matrix analysis. The 
analyses revealed that LuxI of Pandoraea species were highly 
conserved in Pandoraea genus forming a distinct cluster 
separated from the LuxI of Burkholderia species, SolI of 
Ralstonia solanacearum, and RhlI and LasI of Pseudomonas 
aeruginosa, representing a novel evolutionary branch of QS 
system (Figure 4). Ralstonia and Burkholderia are closely 
related genera to Pandoraea, and they shared highly similar 
phenotypic profiles that often resulted in the misidentification 
of Pandoraea species (Coenye et  al., 2001; Henry et  al., 

2001). As Pandoraea were also predominantly recovered from 
CF patients, QS genes of P. aeruginosa (model organism 
for QS and CF patients) were also included in the analysis 
(Barr et  al., 2015).

While analysis on the amino acid pairwise identity 
revealed that similarity of PpnI of different P. pnomenusa 
strains can be  as high as 90%, pairwise identity shared 
between the LuxI of different Pandoraea species varied 
from about 50–90%, even though they were all placed in 
the same cluster in phylogenetic tree of LuxI (Figure 4). 
When compared to the LuxI of other genera, the LuxI of 
Pandoraea species are only 41–55% in pairwise identity 
with the well-characterized CepI of Burkholderia cenocepacia 
that catalyzes primarily the synthesis of C8-HSL and a 
minority of C6-HSL (Lewenza et  al., 1999; Lewenza and 
Sokol, 2001); 48–55% in pairwise identity with SolI, which 
catalyzes the synthesis of C6-HSL and C10-HSL (Flavier 
et  al., 1997); 26–41% in pairwise identity with CciI, which 
catalyzes primarily the synthesis of C6-HSL and a minority 
of C8-HSL (Malott et  al., 2005); and lastly, about 26–33% 
pairwise identity with RhlI and LasI, which catalyzes primarily 
the synthesis of C4-HSL and 3-oxo-C12-HSL (Latifi et  al., 
1996). Besides, we also identified the 20 bp lux box located 
in the upstream region of the luxI of Pandoraea species 

FIGURE 4  |  LuxI phylogenetic tree and pairwise identity matrix analyses of Pandoraea species and closely related species. LuxI of Pandoraea species form a 
distinct cluster against LuxI of Burkholderia species and P. aeruginosa representing an evolutionary distinct branch of QS system. Bootstrap values (expressed as 
percentages of 1,000 replications) greater than 50%. Bar, 0.2 substitutions per amino acid position.
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(Supplementary Figure S2). The lux box is a 20  bp 
palindromic sequence located upstream in the promoter 
region of luxI, which is required for the binding of 
AHL-activated LuxR (Lewenza et  al., 1999). All luxI of 
Pandoraea species shared consensus in 14 of 20 lux box 
sequence (Supplementary Figure S2).

Canonical LuxR1 and LuxR Solos in 
Pandoraea Genus
Phylogenetic and pairwise identity matric analyses performed 
on all identified canonical LuxR1 of genus Pandoraea 
demonstrated close clustering with CepR from genus Burkholderia 
and SolR from genus Ralstonia with 96% bootstrap value 
(Figure 5). Similar to CepI of genus Burkholderia, the LuxI 
of Pandoraea produce C8-HSL, but SolI from Ralstonia produces 
two short-chain AHL signals (C6-HSL and C10-HSL). As all 
identified luxR1 of Pandoraea are located adjacent to luxI, it 
is believed that the primary function of LuxR1 is for the 
detection of C8-HSL produced by its canonical LuxI. A 
comparison on the amino acid sequences of multiple LuxR 
groups revealed the highest pairwise identity among canonical 

LuxR1 of Pandoraea (71–100%) but lower identity to all the 
LuxR of other groups (<41%), including the LuxR2 and LuxR3 
solos in Pandoraea.

Intriguingly, LuxR2 and LuxR3 solos formed two separated 
clusters on phylogenetic tree with the canonical LuxR identified 
in Pandoraea genus. Both the LuxR solos were distinctive from 
each other and had CciR of Burkholderia cenocepacia and LasR 
of P. aeruginosa as outgroups of the clusters, respectively 
(Figure 5). The LuxR2 solos are highly conserved in the genus 
Pandoraea showing >85% in amino acid pairwise identity among 
different species, as compared to the canonical LuxR1 (>71% 
in pairwise identity) and LuxR3 solos (>56% in pairwise identity) 
(Figure 5). From the phylogenetic analysis, it might imply 
that these LuxR solos in Pandoraea represent two novel 
evolutionary branches of LuxR in QS system. This is supported 
by a comprehensive search in various databases, which did 
not return significant matches with any other species and thus 
indicated that LuxR2 and LuxR3 solos were found exclusively 
only in Pandoraea species.

The widespread distribution of LuxR solos in almost 
every Pandoraea species (except P. thiooxydans DSM 25325T) 

FIGURE 5  |  LuxR phylogenetic tree and pairwise identity matrix analyses of Pandoraea species and closely related species. Canonical LuxR1 clustered closely with 
CepR and SolR. LuxR2 and LuxR3 solos formed a distinct cluster with CciR and LasR as the outgroup, respectively, representing evolutionary distinct branches of 
LuxR. Bootstrap values (expressed as percentages of 1,000 replications) greater than 50%. Bar, 0.2 substitutions per amino acid position.
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indicated that they could be playing potential roles in survival 
and persistence of these species. For Pandoraea species that 
possess QS activity (P. pnomenusa, P. sputorum, P. 
oxalativorans, and P. vervacti), additional LuxR solos could 
function in detecting endogenous AHL signals produced 
by the AHL synthase to increase the regulatory targets of 
the complete canonical LuxI/R QS system. Notably, QS 
positive P. pnomenusa and P. sputorum, which are clinically 
isolated, might possess LuxR solos for their survival and 
persistence in respiratory tracts of CF patients as well as 
regulation of virulence factors. Similar phenomenon was 
observed in QscR solo of Pseudomonas aeruginosa, which 
is a LuxR solo that responds to endogenous 3-oxo-C12-HSL 
produced by LasI to control the timing of AHL production 
in the species for regulating expression of virulence factors. 
A study on qscR mutant demonstrated that it is hypervirulent 
in killing its host indicating that QscR solo is important 
for efficient regulation of QS-mediated virulence factors 
(Chugani et  al., 2001).

In addition, the LuxR solos in Pandoraea species could 
be  essential for detecting exogenous AHLs produced by 
neighboring species, especially for Pandoraea species that do 
not own a LuxI/R AHL system. In this study, AHL production 
was not observed in P. apista DSM 16535T and P. pulmonicola 
DSM 21091T that were isolated from sputa of CF patients. 
The presence of LuxR solos in these strains could be responsible 
for eavesdropping by detecting exogenous AHL molecules 
produced by P. aeruginosa that is chronically colonizing the 
respiratory tracts of CF patients. It is also noteworthy that 
many Gram-negative bacteria with QS activity such as 
Burkholderia and Ralstonia are common pathogens causing 
lung infections in CF patients. In fact, there are bacteria that 
possess LuxR solos even though they do not harbor any type 
of AHL synthase such as Escherichia coli and Salmonella enterica 
serovar Typhimurium. These bacteria carry a LuxR homolog, 
and SdiA was reported able to detect and respond to AHL 
signaling molecules produced by other bacterial species to 
activate their gene expression (Ahmer, 2004).

A

B

C

FIGURE 6  |  Comparative gene mapping of all QS genes in type strains of Pandoraea species. All QS genes were highly conserved at syntenic genomic location. 
(A) Canonical luxI and luxR1 were found be convergently inverted and located upstream of alcohol dehydrogenase and ABC transporter ATP-binding protein. 
(B) luxR2 solos located between LysR transcriptional regulators and RND transporter. (C) luxR3 solo located downstream of cytochrome c oxidase subunits I and II 
and a membrane protein.
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Comparative Gene Mapping of All Quorum 
Sensing Genes and Putative Acquisition 
Mechanism of LuxR Solos in Type Strains 
of Pandoraea
Since this is the first documentation of luxR2 and luxR3 solos 
in Pandoraea genus, we  are determined to investigate the 
acquisition mechanism of these genes in Pandoraea genus. 
Hence, we  performed comparative gene mapping to study the 
degree of conservation of all QS genes. All QS genes of 
Pandoraea were found to be highly conserved at syntenic genomic 
locations (Figure 6): all canonical luxI/R1 were found to 
be  convergently inverted (only luxI/R1 of P. sputorum and P. 
norimbergensis overlapped with each other) and located upstream 
of an alcohol dehydrogenase and an ABC transporter 
ATP-binding protein (Figure 6A); luxR2 solos were consistently 
located between a LysR transcriptional regulators and a RND 
transporter (Figure 6B); and luxR3 solos were always found 
located downstream of cytochrome c oxidase subunits I  and 
II and a membrane protein (Figure 6C). As there are hypothetical 
proteins located in the immediate upstream of luxR2 and luxR3, 
we  questioned if these hypothetical proteins could be  the 
canonical luxI that have mutated and lost its function or 
domain. However, after a comprehensive domain prediction 
was performed on these hypothetical proteins, there was no 
residue of luxI in these hypothetical proteins.

Subsequently, we  also performed an extensive search for 
the presence of any QS genes in genomic island, prophages, 
and mobile genetic element regions to determine the possibility 
of horizontal gene transfer event. No QS gene was found on 
any genomic island, and no residue of transposase was found 
in close proximity of all QS genes. Although no QS gene was 
found within any intact prophage region, there are, however, 
few luxR solos that were found in close proximity with incomplete 
and intact prophage sequences, such as 53,482  bp between 
PpuR2 (63.0% GC content; 544,114–544,881  bp) with an 
incomplete prophage region 1 (63.7% GC content; 597,363–
605,870  bp); 62,330  bp between PoxR2 (60.0% GC content; 
478,160–478,927  bp) with an incomplete prophage region 1 
(62.91% GC content; 533,510–541,257 bp); and 6,231 bp between 
PoxR3 (65.2% GC content; 2,404,930–2,405,844  bp) with an 
intact prophage region 8 (63.2% GC content; 2,391,675–
2,398,699  bp). These observations suggested that luxR2 and 
luxR3 solos could be  transmitted into Pandoraea genus by 
transduction event mediated by prophage. However, parts of 
these prophage sequences might be  lost during evolution. 
Various QS-related genes had been reported in the genomes 
of bacteriophages including homologs of accessory gene regulator 
(agr) in the genome of Clostridium difficile phage phiCDHM1 
(Hargreaves et  al., 2014) and regulatory protein LuxR in the 
Azospirillum brasilense Cd bacteriophage’s genome 
(Boyer et  al., 2008).

QS activity in Pandoraea species has been related to the 
regulation of virulence factors, biofilm formation, extracellular 
enzymes production, antibiotic resistance, and various other 
lethal traits. Although not all Pandoraea species exhibit QS 

activity, findings in this study revealed that almost every 
Pandoraea species (except P. thiooxydans DSM 25325T) possess 
LuxR solos genes in their genomes. The repertoire of LuxR 
solos in the genus increases the range of gene regulatory 
activities and is anticipated to play roles in QS-dependent 
regulation of phenotypic functions, which should be investigated 
further. The data presented are also useful in future application 
including quorum quenching (QQ) study that attempts to 
disrupt the bacterial cell-to-cell communication of Pandoraea 
species through QS (See-Too et al., 2018). QQ has been suggested 
as alternative antibacterial strategy to antibiotics, which might 
lead to emergence of multi-drug resistant bacteria (Tang and 
Zhang, 2014). Last but not least, we  hope that findings from 
this study contribute to further research to elucidate the 
downstream roles of QS genes in Pandoraea species, including 
their LuxR solos.

CONCLUSIONS

Multiple species of the genus Pandoraea were frequently isolated 
from sputum samples of CF patients from all over the world, 
and Pandoraea species are identified as emerging pulmonary 
pathogen associated with CF. While some species were obtained 
from the environments, clinically isolated species such as 
P. pnomenusa has also been recovered from soils in the 
environment. This suggests the ubiquitous nature of this group 
of bacteria, and they are thus identified as opportunistic 
pathogens. The recent report on the QS activity in P. pnomenusa 
rapidly caught the attention of the scientific community as 
QS systems have been linked to the regulation of virulence 
factors, antibiotic resistance, and various traits that are dangerous 
to patients. Although this study revealed that only four type 
strains of nine species of genus Pandoraea possess AHL-based 
QS activity, we  also reported the presence of two highly 
conserved luxR solos in most of their genomes. Our analyses 
had revealed that these LuxR solos belonged to different clusters 
of novel evolutionary branches in QS systems. We  hypothesize 
that these LuxR solos in Pandoraea could potentially 
be  responsive to AHLs or different signals produced by 
neighboring species and coordinate regulation of gene expression, 
thus playing important roles in the infection process and 
persistence of these pathogens in cystic fibrosis patients. In 
the process, we developed an in silico systematic bioinformatics 
prediction workflow, which is useful for LuxI and LuxR genes 
identification of other species. To summarize, this study lays 
the foundation for future study on QS systems of Pandoraea 
as a potential antimicrobial target in the treatment of 
Pandoraea infections.
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