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ABSTRACT Bacteria rapidly adapt to their environment by integrating external stimuli
through diverse signal transduction systems. Pseudomonas aeruginosa, for example,
senses surface contact through the Wsp signal transduction system to trigger the pro-
duction of cyclic di-GMP. Diverse mutations in wsp genes that manifest enhanced biofilm
formation are frequently reported in clinical isolates of P. aeruginosa and in biofilm stud-
ies of Pseudomonas spp. and Burkholderia cenocepacia. In contrast to the convergent phe-
notypes associated with comparable wsp mutations, we demonstrate that the Wsp sys-
tem in B. cenocepacia does not impact intracellular cyclic di-GMP levels, unlike that in
Pseudomonas spp. Our current mechanistic understanding of the Wsp system is based
entirely on the study of four Pseudomonas spp., and its phylogenetic distribution remains
unknown. Here, we present a broad phylogenetic analysis to show that the Wsp system
originated in the betaproteobacteria and then horizontally transferred to Pseudomonas
spp., the sole member of the gammaproteobacteria. Alignment of 794 independent Wsp
systems with reported mutations from the literature identified key amino acid residues
that fall within and outside annotated functional domains. Specific residues that are
highly conserved but uniquely modified in B. cenocepacia likely define mechanistic differ-
ences among Wsp systems. We also find the greatest sequence variation in the extracel-
lular sensory domain of WspA, indicating potential adaptations to diverse external stimuli
beyond surface contact sensing. This study emphasizes the need to better understand
the breadth of functional diversity of the Wsp system as a major regulator of bacterial
adaptation beyond B. cenocepacia and select Pseudomonas spp.

IMPORTANCE The Wsp signal transduction system serves as an important model sys-
tem for studying how bacteria adapt to living in densely structured communities
known as biofilms. Biofilms frequently cause chronic infections and environmental
fouling, and they are very difficult to eradicate. In Pseudomonas aeruginosa, the Wsp
system senses contact with a surface, which in turn activates specific genes that pro-
mote biofilm formation. We demonstrate that the Wsp system in Burkholderia ceno-
cepacia regulates biofilm formation uniquely from that in Pseudomonas species.
Furthermore, a broad phylogenetic analysis reveals the presence of the Wsp system
in diverse bacterial species, and sequence analyses of 794 independent systems sug-
gest that the core signaling components function similarly but with key differences
that may alter what or how they sense. This study shows that Wsp systems are
highly conserved and more broadly distributed than previously thought, and their
unique differences likely reflect adaptations to distinct environments.

KEYWORDS biofilms, phylogenetic analysis, mutational studies, Pseudomonas,
Burkholderia, signal transduction

Biofilms are extremely recalcitrant in nature, which is driven largely by the extrac-
ellular matrix comprising diverse compounds produced by individual cells (1–8).

This matrix manifests structured community growth and dynamically generates
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sharp chemical gradients to drive both phenotypic and genetic diversification.
Exopolysaccharides (EPSs) are a major component of this matrix, and they play a criti-
cal role in cell-cell and cell surface adhesion (9–12). EPS production or export is
modulated by the second messenger cyclic di-GMP (5, 13–21) in many organisms,
which promotes the persistence of opportunistic pathogens like Pseudomonas aeru-
ginosa for years in the lungs of cystic fibrosis patients and causes extensive damage
(17, 22, 23). Clinical isolates of P. aeruginosa often display phenotypic heterogeneity
as either smooth, mucoid, or small colony variant (SCV) phenotypes (22, 24–26).
Sequence analyses of SCVs commonly identify mutations in wsp (wrinkly spreader
phenotype) genes that increase the intracellular pool of cyclic di-GMP (27–31).

Studies of the Wsp signal transduction system in several Pseudomonas species have
played an important role in establishing the positive correlation between cyclic di-GMP
production and biofilm formation (17, 18, 27, 28, 32–37). The Pseudomonas Wsp system
is encoded by the wspABCDEFR monocistronic operon that relays surface contact as an
extracellular signal (38) to activate the diguanylate cyclase activity of WspR to produce
cyclic di-GMP, which in turn stimulates EPS production and biofilm formation (5, 17–20).
Currently, the functional model of the Wsp system (Fig. 1A) is largely based on sequence
similarity to the respective Che proteins that collectively make up the enteric chemotaxis
system (28). The transmembrane component of the Wsp complex, WspA, forms a trimer
of dimers that is laterally distributed around the cell and acts to initiate cyclic di-GMP
production (34). When activated by cellular contact with a surface, WspA is predicted to
undergo a conformational change to expose its methylation sites, and a methyltransfer-
ase (WspC) and a methylesterase (WspF) ultimately determine the active state of WspA
(18). Methylated WspA initiates the autophosphorylation of the histidine kinase WspE

FIG 1 Comparison of the Wsp signal transduction system to the enteric chemotaxis system. (A) Schematic comparison of
the chemotaxis (Che) system of Escherichia coli to the WspR system of Pseudomonas and the WspH system of Burkholderia.
The Che system modulates the direction of flagellar rotation in response to the binding of attractants to the receptor (e.g.,
serine and Tsr). The Wsp system is reported to respond to surface contact in P. aeruginosa, but the signal output varies in
activating WspR (diguanylate cyclase) or WspH (function unknown). The panel on the right depicts sequence conservation
of relative proteins among the Che, WspR, and WspH systems as presented numerically in Table S1 in the supplemental
material. Dark green proteins show the greatest conservation, while light green proteins show the least conservation. CH3,
methyl group; P, phosphate; CW/CCW, counterclockwise/counterclockwise. (B) The wsp genes in P. fluorescens Pf0-1 and B.
cenocepacia HI2424 share synteny except that wspR is the terminal gene of a monocistronic operon and wspH is absent in
the latter. wspH appears to be an independent transcription unit upstream from the wsp operon.
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(27, 34, 37), which then phosphorylates the diguanylate cyclase WspR to activate cyclic
di-GMP production. WspE also phosphorylates WspF, which terminates the signaling cas-
cade (27, 34, 35). The Wsp complex is predicted to be functionally stabilized by WspB
and WspD, which anchor the WspA trimer-of-dimer complex to WspE.

Although multiple studies have empirically demonstrated overarching functional par-
allelism in signal transduction between the Wsp and enteric chemotaxis systems (18, 27,
28, 34, 36, 39–42), fundamental gaps remain in our mechanistic understanding. For
example, WspB and WspD are assumed to be functionally redundant as they are both
homologous to CheW. However, this appears not to be the case since the subcellular
localization of WspA differs between DwspB and DwspD mutants (18). Furthermore, all
studies of the Wsp system had been limited to four Pseudomonas spp. until the discovery
that Burkholderia cenocepacia HI2424 lacks the wspR gene and instead possesses wspHRR
(here, wspH), a locus predicted to encode a unique hybrid histidine kinase/response reg-
ulator without the diguanylate cyclase domain (43, 44). Despite lacking WspR, mutations
in the wsp genes of B. cenocepacia HI2424 produce wrinkly colony morphologies and
SCV phenotypes similar to those of the wsp mutations in Pseudomonas spp. (43, 44).
Although these observations imply that the Wsp system in B. cenocepacia HI2424 also
functions to regulate cyclic di-GMP production, its cognate diguanylate cyclase, if any,
remains unknown.

Since the initial characterization of the Wsp system in Pseudomonas fluorescens (27,
28, 32–34, 45), mutations within each of the wsp genes in other species have been
reported to alter both the colony morphology and biofilm phenotypes, and they were
either demonstrated or presumed to impact cyclic di-GMP production (18, 37, 39, 46,
47). Here, we show that mutations within the wsp operon of B. cenocepacia HI2424 do
not alter the intracellular pool of cyclic di-GMP despite producing wrinkly colony phe-
notypes similar to those of comparable mutants in Pseudomonas spp. The function of
the Wsp system may have further diverged beyond Pseudomonas and Burkholderia
spp., but this remains entirely unexplored. To gain a broader appreciation of the mech-
anistic and functional robustness of Wsp systems, we first construct a data set of taxo-
nomically diverse Wsp systems and assess their phylogenetic distribution and evolu-
tionary history. We then evaluate sequence conservation at each amino acid residue to
identify conserved genetic elements both within and outside annotated functional
domains. By anchoring our sequence conservation analysis with diverse wsp mutations
across multiple species that are known to impact signal transduction, we reevaluate
the current functional model of the Wsp system and identify specific amino acid resi-
dues that likely manifest the key mechanistic differences.

RESULTS AND DISCUSSION
The WspR and WspH systems are functionally divergent. The core signaling com-

ponents of the enteric chemotaxis (Che) system and the Wsp system in Pseudomonas
spp. and B. cenocepacia are expected to be mechanistically similar due to the high
sequence conservation of the functional domains (Fig. 1A). However, the overall
sequence homology among these three systems is relatively low, and the Wsp proteins
between P. fluorescens Pf0-1 and B. cenocepacia HI2424 share greater homology (see
Table S1 in the supplemental material). This suggests that the Wsp system in B. cenoce-
pacia HI2424 functions similarly to the Pseudomonas Wsp system, but the former lacks
WspR and is instead predicted to phosphorylate WspH, which lacks WspR’s GGDEF enzy-
matic domain required for cyclic di-GMP production (43, 44) (Fig. 1). To test if the Wsp
system in B. cenocepacia HI2424 regulates cyclic di-GMP production and/or activates an
unidentified cognate diguanylate cyclase, we collected comparable wsp mutants from P.
fluorescens Pf0-1 and B. cenocepacia HI2424 that are known to impact signal transduc-
tion. The selected strains possess wspA mutations in the WspA/B/D/E signaling domain,
wspE mutations in the receiver (REC) domain at the phosphoacceptor site, or wspH-wspR
mutations in their respective REC domains. Mutations in wspA (V380A) and wspE
(D648G) are known to increase cyclic di-GMP production and biofilm formation in
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Pseudomonas spp. (18, 32, 39). The B. cenocepacia HI2424 mutants utilized here, wspA
(S258W) and wspE (D652N), were previously isolated and demonstrated to increase bio-
film formation (43, 44). Conversely, a mutation in wspR (A113D) is predicted to terminate
Wsp signaling as the mutated protein could no longer be phosphorylated (35). A muta-
tion in wspH (L135F) has been shown to produce a smooth colony phenotype with de-
fective biofilm formation (43), suggesting a reduced signaling output, if any at all.

We first assessed the colony morphologies of the wsp mutants for the iconic wrin-
kled phenotype that reflects increased cyclic di-GMP production across diverse species
(18, 27, 28, 32–34, 37, 39, 45–47). Mutations in the wspA and wspE genes of both P. fluo-
rescens Pf0-1 and B. cenocepacia HI2424 exhibit similar wrinkled phenotypes, while
both the wspR mutant of P. fluorescens Pf0-1 and the wspH mutant of B. cenocepacia
HI2424 exhibit smooth morphologies (Fig. 2A), as expected at low cyclic di-GMP levels.
However, the wspH mutant appears to be less smooth or mucoid than the respective
wild-type (WT) strains compared to the wspR mutant, which likely reflects functional
differences between WspH and WspR. We next quantified the intracellular levels of
cyclic di-GMP in the same set of mutants to test whether the altered colony morpholo-
gies indeed reflect increased cyclic di-GMP production. As predicted, cyclic di-GMP lev-
els in wspA and wspE mutants of P. fluorescens Pf0-1 are significantly higher than those
in the WT, unlike the wspR mutant (Fig. 2B). In contrast, none of the mutants of B. ceno-
cepacia HI2424 significantly differ in cyclic di-GMP levels compared to the WT (Fig. 2B).
This indicates that either the Wsp system in B. cenocepacia HI2424 does not regulate
cyclic di-GMP production or its influence on cyclic di-GMP production is rapidly buf-
fered. Regardless, there is a clear contrast here between the colony morphologies and
cyclic di-GMP levels in the two species. Although the wrinkled colony morphology was
positively correlated with biofilm production in these B. cenocepacia HI2424 wsp
mutants (44), this appears to be achieved through a cyclic di-GMP-independent mech-
anism. This is not particularly surprising given that WspH lacks a diguanylate cyclase
domain and instead possesses a hybrid histidine kinase domain. A recent wsp pheno-
type suppressor study in B. cenocepacia HI2424 implicated Bcen2424_1436 (RowR) as
being critical for WspH signaling and subsequent polysaccharide synthesis (44). RowR

FIG 2 Comparable Wsp mutants of P. fluorescens and B. cenocepacia produce similar colony
morphologies but differ in cyclic di-GMP production. (A) Colony images of P. fluorescens and B.
cenocepacia (day 4) showing that mutations within the wspA or wspE genes in either organism
produce the wrinkled phenotype, while mutations in wspH or wspR produce a smooth phenotype
(bars = 5 mm). The mucoid patches observed in the WT P. fluorescens colony represent rsmE mutants
that naturally emerge (79). (B) LC-MS/MS data showing that the wrinkly phenotype correlates with
increased levels of cyclic-di-GMP in Wsp mutants in P. fluorescens (orange bars) but not in B.
cenocepacia (teal bars). Plotted are the means from three replicates, and error bars represent the
standard deviations. n.s. denotes no significant difference, and ** denotes a significant difference
(P , 0.0001 by analysis of variance [ANOVA]; P , 0.01 by Tukey’s honestly significant difference
[HSD] test).
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is a predicted DNA-binding response regulator of an uncharacterized two-component
transduction system; however, its direct interaction with WspH remains to be resolved.

Despite the overall sequence similarity, the Wsp system in B. cenocepacia HI2424
appears functionally divergent from the WspR system in Pseudomonas. However, com-
parable wsp mutations in B. cenocepacia HI2424 and clinically persistent Pseudomonas
spp. converge on biofilm formation, producing similar clinically relevant phenotypes
(22, 48, 49). To date, the WspH system has been reported only in B. cenocepacia HI2424
(43, 44), and its relative uniqueness remains unknown. Similarly, the shared characteris-
tic synteny of the wsp operon has been described in only four Pseudomonas strains
(27, 28, 33, 50), and the extent of its taxonomic distribution also remains unknown.

Wsp systems are exclusive to the beta- and gammaproteobacteria, and the
WspH system is restricted to Burkholderia. To assess the phylogenetic distribution
and evolutionary history of the Wsp system, we constructed a database of Wsp homo-
logs from all publicly available bacterial genomes in GenBank (see Materials and
Methods). Sequence similarity alone makes it difficult to bioinformatically distinguish
Wsp homologs from those that function in chemotaxis (Fig. 1A) (51, 52). Fortunately,
chemotaxis genes are infrequently located in a single operon (53, 54), in contrast to all
annotated wsp genes (Fig. 1B). We thus identified syntenic Wsp homologs of P. fluores-
cens Pf0-1 and B. cenocepacia HI2424 with at least 30% sequence identity. Our analysis
discovered 794 unique wsp gene clusters with conserved wspA-wspF synteny.
Importantly, the use of the wsp genes from P. fluorescens Pf0-1 or B. cenocepacia
HI2424 as independent queries generated overlapping results, indicating that synteny
is a robust search parameter for identifying previously unannotated Wsp systems. All
794 identified wsp gene clusters were associated with either a wspR homolog (588) or
a wspH homolog (206), as observed in P. fluorescens Pf0-1 or B. cenocepacia HI2424,
respectively (Fig. 1B). We also found that no identified genome contains both H- and
R-systems, and either system is present in a single instance per genome. For the sake
of simplicity, we refer to wsp clusters with a wspH homolog as H-systems and those
with a wspR homolog as R-systems.

We next constructed a phylogenetic tree to visualize the taxonomic distribution of
the H- and R-systems, which reveals that they are present exclusively in beta- and gam-
maproteobacteria (Fig. 3A). The R-system is distributed across both the beta- and gam-
maproteobacteria, while the H-system is limited to Burkholderia. The 12 Bordetella
strains in our data set form two distinct clades, and three Burkholderia strains branch
out earlier from the remaining Burkholderia and Paraburkholderia clades. These three
strains are currently labeled as Burkholderia in the NCBI database, but here, we refer to
them as “(Proto)Burkholderia” as their true taxonomic identities remain unresolved.
(Proto)Burkholderia possesses the R-system, as does Paraburkholderia, suggesting that
the R-system predates the H-system found exclusively in Burkholderia. Further expand-
ing the Burkholderia clade shows that the R-system is present in only one strain (Fig.
3B), Burkholderia cepacia MSMB1184WGS, a soil isolate from the Australian Northern
Territory. Pseudomonas is the lone genus representing the gammaproteobacteria, indi-
cating that it likely acquired the R-system through horizontal gene transfer.

Phylogenetic incongruence reflects multiple horizontal transfer events of the
R-system. We evaluated potential horizontal transfer events of the Wsp system by
assessing the incongruence between the species and Wsp phylogenies (55, 56). A phy-
logeny of the 794 Wsp systems was constructed using the concatenated peptide
sequences of the core Wsp signaling proteins (WspA, WspB, WspC, WspD, WspE, and
WspF), which diverges into five distinct clades (Table S2 and Fig. S1). The sequence var-
iations in the Wsp signaling core alone clearly differentiate the H- and R-systems even
in the absence of WspH and WspR. The significant differences between the species
(Fig. 3) and Wsp (Fig. S1) trees strongly suggest that the Wsp system has been sub-
jected to multiple horizontal transfer events, as summarized in Fig. 4.

We observe that the R-system likely originated in Azoarcus (clade 1) and then radiated
throughout the betaproteobacteria and into Pseudomonas (Fig. S1), the sole member of
the gammaproteobacteria (Fig. 3). In clade 2, the R-systems of Pseudomonas, Bordetella,
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and Achromobacter share a node with Cupriavidus (Fig. 4A), yet these genera are taxo-
nomically distinct (Fig. 4B). This observation, as supported by the high bootstrap values
in both phylogenies, indicates that Cupriavidus or its ancestor served as the common
source for the horizontal transfer of the R-system into the phylogenetically distant
Pseudomonas, Bordetella, and Achromobacter genera (Fig. 4B). Interestingly, each genus
in clade 2 comprises opportunistic pathogens that are frequently associated with the re-
spiratory environment. The R-systems in clades 4 and 5 of the remaining betaproteobac-
teria appear to share an ancestry (Fig. 4C) but show that the R-system from the ancestor
of Burkholderia and Paraburkholderia likely transferred horizontally into Ralstonia and
Pandoraea (Fig. 4D). This is clearly observed in the phylogenies where Ralstonia and
Pandoraea taxonomically diverged before Burkholderia (Fig. 4D), but the acquisition of
their Wsp systems occurred after Burkholderia (Fig. 4C). Interestingly, the Wsp system of
Paraburkholderia is not confined to a single node in the Wsp phylogeny and is instead
scattered among Ralstonia, Pandoraea, and Burkholderia (Fig. 4C). This indicates that the
Wsp systems of Paraburkholderia have high sequence variation, which could manifest
unique functions such as responding to diverse stimuli or interacting with other
response regulators.

Much like the taxonomic phylogeny, the H-system in Burkholderia forms a monophyletic
clade, indicating that the signaling core of the H-system is highly conserved but is distinct
from the R-system. The unique presence of the R-system in B. cepacia MSMB1184WGS
presents an interesting case. Our analysis suggests that the H-system of this strain was inde-
pendently replaced with an R-system after the radiation of the H-system in Burkholderia

FIG 3 Phylogenetic analysis shows that the Wsp system is restricted to the beta- and gammaproteobacteria and that wspH is unique to Burkholderia. (A)
Maximum likelihood species tree of organisms with the H-system (teal) or the R-system (orange). For simplicity, the tree was collapsed at the genus level,
with the values in brackets indicating the number of strains in each branch. A total of 588 strains possess the R-system, and 206 strains possess the H-
system, which is restricted to Burkholderia. (B) An expansion of the Burkholderia-Paraburkholderia subgroup shows that only one strain (Burkholderia cepacia
MSMB1184WGS) possesses the R-system. An independent phylogenetic assessment of Wsp proteins identified five unique Wsp system clades (see Fig. S1 in
the supplemental material): blue, clade 1; yellow, clade 2; pink, clade 3; light green, clade 4; dark green, clade 5. Values reported under individual branches
are bootstrap support values (out of 100).
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(Fig. 4C). Another possibility is that the R-system of this strain is related to the original
source for the evolution of the H-system. Although many of the organisms in our data set
are associated with respiratory infections, the Wsp systems are present in both opportunis-
tic and nonpathogenic species. This suggests that horizontal transfer events of Wsp predate
adaptations to the human host and that individual Wsp systems have functionally diverged
beyond the emergence and integration of the wspH gene.

Sequence conservation of Wsp systems and acquired mutations converge on
predicted functional domains and unannotated regions.Missense mutations in wsp
genes that impact biofilm formation are commonly identified in clinical isolates and ex-
perimental evolution studies (18, 27, 28, 32–34, 37, 39, 45–47). Such mutations likely
occur in key functional residues, but the Wsp system as a whole remains poorly anno-
tated. We thus aligned the amino acid sequences of all Wsp proteins in our data set to
generate a consensus sequence and annotated functional domains based on homol-
ogy to the enteric chemotaxis (Che) system and empirical studies of the Pseudomonas
Wsp system (Tables S3 and S4). We then assessed the 794 sequence alignments for
conservation using a weighted Shannon entropy algorithm where a conservation score
near 1 indicates high conservation and a conservation score near 0 indicates weak con-
servation (57). Regions exceeding a conservation score of 0.8 are highlighted in red
since this threshold reliably captures known functional residues (57). Finally, we com-
piled all wsp missense mutations from the literature that have been predicted to
impact the signaling of the respective Wsp systems and then mapped them to our
consensus sequence (Table S3). We summarize the sequence conservation, newly
annotated functional domains, and sites of missense mutations in Fig. 5 and the
sequence conservation profiles of H- and R-systems independently in Fig. S2. The H-
systems share consistently higher sequence conservation across all Wsp proteins,
which reflects their phylogenetic isolation (Fig. S2). In general, our results complement
previous reports and speculations on Wsp function but also reveal surprising patterns.

WspA exhibits strikingly high sequence conservation across four distinct regions.
Reflecting on the significance of the trimer-of-dimer interaction (signaling) domain of
WspA (18), the corresponding region is extremely conserved. This particular region

FIG 4 Phylogenetic analysis of the core Wsp proteins indicates multiple horizontal gene transfer events and establishes the R-system as the predecessor to
the H-system. Shown here is a trimmed version of the Wsp phylogeny (A and C) for Wsp clades 2, 4, and 5 adjacent to the evolutionary phylogeny (B and
D). The H-system (teal) and R-system (orange) Wsp phylogenies were constructed using the amino sequences of the core Wsp proteins (WspA, WspB,
WspC, WspD, WspE, and WspF) and are detailed in Fig. S1 in the supplemental material. Clades identified in Fig. S1 are reported as color blocks as
indicated at the bottom. Values reported under branches are bootstrap support values (out of 100), and those in brackets represent the total number of
genomes/Wsp systems. Phylogenetic incongruences are highlighted by black arrows, representing the direction of each horizontal transfer event. The R-
system from Cupriavidus or its ancestor was likely transferred to Pseudomonas, Bordetella, and Achromobacter (B), and the R-system from the common
ancestor of Burkholderia and Paraburkholderia likely transferred to Ralstonia and Pandoraea (D).
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FIG 5 Evaluating the conservation of Wsp proteins identifies key residues that fall within and outside annotated functional domains. The 794
peptide sequences for each protein were used to generate individual alignments. Annotation data are derived from NCBI CDD (Conserved

(Continued on next page)
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also shares 74.5% sequence similarity to the enteric chemotaxis Tsr signaling domain
(58, 59), and we found that the signaling domain in WspA likely extends beyond those
reported (18) to include residues 378 to 432 (Table S4). Mutations within this signaling
domain likely alter the stability of the trimer-of-dimer interactions, resulting in either
increased or decreased signaling to WspE (18). Two additional regions exhibit high
conservation (residues 291 to 300 and 499 to 508), which we predict to function as the
methylation sites (CH3) by WspC (Table S4). Although the methylation of WspA has
never been experimentally confirmed (51), high sequence conservation coupled with
homology to the chemotaxis system strongly suggests that these sites are likely meth-
ylated. Finally, the chemotaxis Tsr signaling domain contains a docking site for the
methyltransferase CheR (Fig. 1A), which is present as the last 5 residues of the Tsr C ter-
minus (60). Although WspA does not contain the same motif, we observe high conser-
vation of the last 9 amino acids (aa) (aa 536 to 545) at the C terminus. This region likely
represents the docking site for WspC and WspF. Interestingly, there is relatively low
sequence conservation in the extracellular sensory domain (Fig. 5). The same pattern
holds across the R-system, but the H-system shows much higher levels of conservation
(Fig. S3). These results suggest that these two systems may respond to unique extracel-
lular stimuli, which could also apply across the R-system as well given the extent of
sequence variations observed.

WspB and WspD are loosely thought to function to relay the signal between WspA
and WspE, like their chemotaxis CheW homolog (61, 62) (Fig. 1A). However, O’Connor
et al. found that deletions of wspB and wspD in P. aeruginosa manifest discrete out-
comes on the subcellular localization of WspA (18). A DwspD strain caused WspA to
become polarly localized, dramatically reducing WspR phosphorylation. In contrast, a
DwspB strain had little effect on WspA’s naturally lateral presence but resulted in simi-
larly reduced WspR phosphorylation. This indicates that WspB and WspD are not
functionally redundant and suggests an essential role for WspD in modulating the
subcellular localization of the Wsp system and the intracellular pool of cyclic di-GMP.
Our analysis reveals that WspB and WspD are the least conserved among all the
Wsp proteins, and they exhibit unique conservation signatures (Fig. 5 and Fig. S3). We
identified six regions of WspB where motifs between 8 and 17 residues in length
are highly conserved. WspD similarly has 7 motifs ranging between 5 and 19 residues.
Comparisons of these motifs reveal that they are unique to their respective proteins
and have no known or predicted function. Although we were unable to bioinformati-
cally predict functional domains in either protein, their unique conservation signatures
described here likely represent sites for interacting with WspA and WspE (Fig. 1A) and
potentially with other non-Wsp proteins to modulate subcellular localization.
Interestingly, no mutation has ever been reported in the wspB gene for the H-system
(Fig. 5).

Both the conserved regions and reported mutations in WspC and WspF largely as-
sociate with our annotated domains (Fig. 5). WspC is predicted to function as the main
activator of the Wsp system, and WspF acts as the repressor (Fig. 1A). Consequently,
wspF mutations from the literature exclusively act to turn on the Wsp system, while
mutations in wspC exclusively turn off the Wsp system (Fig. 5). However, there is a strik-
ing pattern here where no mutation has ever been reported for either gene of the H-
system, in sharp contrast to 25% of all R-system mutations falling within wspC or wspF
(Table S3). This is surprising given that WspC and WspF are predicted to function as
the main switch of the Wsp system. Sequence conservation patterns suggest that

FIG 5 Legend (Continued)
Domain Database), Prosite, or Che homology as indicated in Table S4 in the supplemental material. Reported naturally occurring missense
mutations from the literature, engineered missense mutations reported in the literature, mutations that turn on the respective Wsp systems,
and those that turn off the system are indicated. The y axis represents the Shannon entropy evaluation for each protein alignment, where
weighted values near 1 indicate high sequence conservation and values near 0 indicate weak sequence conservation. Regions where the
weighted Shannon entropy metric equals or exceeds 0.8 are shaded in red and denote regions likely to have functional or structural
importance. Many of the previously identified mutations reside in these regions of high conservation, but the functional role of these
residues remains unknown.
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WspC and WspF indeed function to methylate and demethylate WspA, as predicted.
Although we do not expect our compiled mutational or experimental evolution data
to be saturating for any wsp gene, the absence of mutations in wspC or wspF genes of
the H-system to date leads to the prediction that the methylation state of WspA may
have a reduced influence on the activity of the H-system compared to the R-system.

We observe high conservation in the REC domain (aa 648 to 702) of WspE (Fig. 5)
and mutations within specific residues that appear to activate WspE in a WspA-inde-
pendent manner (17). The HATPase domain shows high conservation, which is
expected as this region is essential for binding to ATP and ultimately phosphorylating
WspF and WspR/WspH. We observe high conservation in unannotated regions that
flank the HATPase domain that are frequently mutated in the H-system but entirely
unaffected in the R-system. Given that WspE interacts with either WspR or WspH, this
particular region may be uniquely important for the H-system. It is likely that these
WspE-activating mutations observed exclusively in the H-system manifest a conforma-
tional change that initiates HATPase function in the absence of a stimulus. The region
between the histidine phosphotransfer (HPT) and HATPase domains in the chemotaxis
protein CheA constitutes the P2 and P3 domains, which are responsible for CheY
(response regulator) and CheB (methylesterase) docking and CheA dimerization,
respectively (Fig. 1A). However, BLAST assessments reveal no significant similarities
between WspE and CheA for these regions, and therefore, WspE lacks this annotation.
It is possible that the H-system mutations in the 39-adjacent HATPase region may affect
either WspE dimerization or WspH/WspF docking, and this may be uniquely important
for the H-system.

Previous work compared WspH of B. cenocepacia and WspR of P. aeruginosa to find
;70% sequence similarity within the REC domain (43), suggesting that WspH and
WspR are similarly phosphorylated by WspE. However, WspH and WspR differ substan-
tially in their C termini, where WspR contains the diguanylate cyclase GGDEF domain
and WspH possesses a histidine kinase speculated to phosphorylate an unknown
response regulator (43). We observe comparably high conservation in our large data
set within the WspH/R REC domain (Fig. 5). As expected, we observe weak conserva-
tion of this C terminus in our WspH/R alignment and greater conservation when
H- and R-systems are compared independently (Fig. S2). Interestingly, only the GGDEF
region of the WspR C terminus exhibits high conservation.

Identification of residues that are uniquely conserved between H- and R-
systems. Among the 2,899 consensus amino acid residues of the H- and R-systems, we
have identified 43 residues that are likely important for the specialized function of the
H-system (see Materials and Methods). These 43 residues are highly conserved in both
H- and R-systems but also unique to each system (Table 1) and represent nonconserva-
tive substitutions that occurred within the H-system (63). Selective pressures have
forced nearly all H-systems to retain these residues, suggesting that they are essential
to H-system signaling. Notably, 23 of the 43 identified residues are in the C terminus of
WspH, which does not contain an enzymatic domain like WspR but is instead a histi-
dine kinase speculated to phosphorylate an unknown response regulator that stimu-
lates biofilm production (43). Seven residues occur in the REC domain of WspH, which
is predicted to interact with and become phosphorylated by WspE. WspE of the H-sys-
tem has three substitutions, with two occurring in the HPT relay domain and one in an
unannotated region of the C terminus. We predict that these residues are unique to
WspE and WspH interactions and WspH phosphorylation. Five substitutions were iden-
tified in unannotated regions of WspA, WspB, and WspD; four remaining substitutions
were within the methyltransferase domain of WspC; and none were detected in WspF.
These uniquely conserved substitutions likely differentiate the signaling mechanism of
the H-system from that of the R-system, which remains entirely unexplored.

Conclusion. This study presents a broad phylogenetic analysis of the Wsp signaling
system to expand our current understanding of the Wsp signaling system, which had thus
far been restricted to four Pseudomonas spp. and, more recently, B. cenocepacia HI2424.
Ironically, we have found that Pseudomonas spp. are the only gammaproteobacteria to
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possess the Wsp system, which appears to have originated in the betaproteobacteria, with
strong indications of multiple horizontal gene transfer events. There is clear genetic and
biochemical evidence (18, 27, 28, 32–34, 37, 39, 45–47) to suggest that the core signaling
components of the Wsp system in Pseudomonas mechanistically function much like those
of the enteric chemotaxis system. Our sequence conservation and mutation analyses
extend our current understanding of Wsp to include more evolutionarily divergent organ-
isms and reveal the strong potential for mechanistic diversity among individual Wsp
systems.

All Wsp systems appear to utilize either WspH or WspR exclusively as the terminal
output of the signaling cascade, and all organisms possess only one H- or R-system. A
previous study discovered the H-system in B. cenocepacia HI2424 to show that WspH

TABLE 1 Assessment of unique conservation between the H- and R-systems identifies residues important for the specialized function of the
H-system

Locus
Residue
positiona Domainb R-system residuec

R-system conservation
score

H-system
residuec

H-system conservation
score

WspA 360 L 0.80182 S 0.99999
WspA 484 V 0.82324 F 0.9892
WspA 516 V 0.88076 A 0.99999
WspB 134 Y 0.82288 W 0.93129
WspC 68 Methyltransferase A 0.83557 L 0.98174
WspC 69 Methyltransferase V 0.86569 F 0.99208
WspC 108 Methyltransferase L 0.85525 A 0.98103
WspC 119 Methyltransferase I 0.84741 A 0.94557
WspD 139 C 0.81521 A 0.94529
WspE 70 HPT H 0.86267 G 0.98887
WspE 71 HPT V 0.81219 R 0.981
WspE 300 A 0.82943 Q 0.99921
WspH/R 19 REC M 0.86114 S 0.95937
WspH/R 28 REC M 0.87022 F 0.98196
WspH/R 32 REC A 0.92994 V 0.99999
WspH/R 84 REC Y 0.83043 W 0.97545
WspH/R 92 REC D 0.82661 R 0.91437
WspH/R 108 REC S 0.85009 R 0.93589
WspH/R 112 REC A 0.86297 V 0.83238
WspH/R 137 R 0.93451 N 0.96292
WspH/R 149 Y 0.95783 L 0.98218
WspH/R 150 R 0.91456 D 0.98218
WspH/R 151 A 0.95059 F 0.98218
WspH/R 153 R 0.95311 S 0.99999
WspH/R 155 S 0.9542 D 0.97478
WspH/R 156 Q 0.9542 M 0.97478
WspH/R 168 R 0.89453 A 0.99136
WspH/R 170 M 0.82239 A 0.99999
WspH/R 171 N 0.84907 L 0.99999
WspH/R 176 T 0.96372 I 0.99136
WspH/R 177 G 0.94363 H 0.94821
WspH/R 213 K 0.9026 W 0.97741
WspH/R 215 Y 0.86625 K 0.90022
WspH/R 216 N 0.88655 A 0.89947
WspH/R 221 H 0.89829 S 0.83583
WspH/R 226 E 0.81682 R 0.97193
WspH/R 227 A 0.81562 M 0.99166
WspH/R 247 A 0.94744 C 0.85349
WspH/R 249 Y 0.84751 L 0.83019
WspH/R 270 A 0.82674 P 0.97357
WspH/R 298 G 0.82934 V 0.99818
WspH/R 325 K 0.84267 L 0.91421
WspH/R 328 G 0.85937 P 0.88478
aReflects the amino acid position within the H-system and R-system alignments where the identified residue is highly conserved in its respective alignment but represents a
nonconservative mutation when compared.

bDomain evidence can be found in Table S4 in the supplemental material. HPT, histidine phosphotransfer; REC, receiver.
cThe amino acid at the specified position within the R-system and H-system alignments is highly conserved as reflected by the R-system and H-system conservation scores.
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lacks the diguanylate cyclase GGDEF domain found in WspR and speculated that WspH
likely activates a unique diguanylate cyclase (43). This was based on the observation
that various mutations in wsp genes caused the hallmark wrinkly colony morphology
and increased biofilm formation associated with elevated cyclic di-GMP production in
diverse bacterial species. However, our study clearly demonstrates that these wsp
mutations in B. cenocepacia HI2424 do not alter cyclic di-GMP production, in contrast
to comparable wsp mutations in P. fluorescens Pf0-1. Despite the striking difference in
the functional outputs of the H- and R-systems, they share high levels of sequence con-
servation within and beyond key functional domains that overlap the enteric chemo-
taxis system. One major difference that we observed was the complete absence of
reported mutations in wspC and wspF genes of the H-system, in contrast to those of
the R-system. We also identified 43 highly conserved amino acid residues across all
Wsp proteins that are uniquely modified in the H-system. These specific residues likely
differentiate mechanistic variations between the H- and R-systems, and we suspect
that the methylation state of WspA exerts a relatively reduced role in the signaling cas-
cade of the H-system compared to the R-system.

The Wsp proteins of the R-system exhibit greater overall sequence variation than
those of the H-system. This is not surprising since the H-system is phylogenetically re-
stricted to Burkholderia spp. and the R-system is much more divergent. However,
nearly all of the annotated functional domains are highly conserved across the R-sys-
tem, with the exception of the extracellular sensory domain of WspA. The external
stimulus of the Wsp system long remained a mystery until a recent study demon-
strated surface contact to be the main stimulus in P. aeruginosa (38). The relatively
large sequence variation observed within this extracellular sensory domain indicates
strong potential for independent adaptations to diverse external stimuli. We found
that WspB and WspD proteins exhibit the smallest amount of sequence conservation,
yet we did not observe any instance of a wsp operon lacking either of these proteins,
strongly indicating that they are both functionally important. In contrast to the enteric
chemotaxis system, which utilizes CheW to physically bridge the methylation and
phosphorylation signaling modules, the Wsp system is thought to utilize both WspB
and WspD in an analogous manner. However, there is clear evidence in P. aeruginosa
that WspB and WspD are not functionally redundant (18), and we observed distinct
sequence conservation patterns between these two proteins. We also found that all
mutations reported in WspB and WspD proteins act to deactivate the R-system, while
mutations in WspD of the H-system exclusively act to turn it on. Furthermore, no muta-
tions have been reported for WspB of the H-system. Given the tremendous influence
of WspD on P. aeruginosa’s Wsp signaling cascade (18), these so-called accessory pro-
teins likely play both functionally important and diverse roles among individual Wsp
systems.

Mutations in wsp genes are frequently identified in clinical specimens and are asso-
ciated with increased biofilm formation (22, 24, 25, 64–69), whether or not this is
achieved through elevated production of cyclic di-GMP. Genetically deregulating the
Wsp system appears to be a significant but transient adaptive strategy in a dynamic
and overcrowded ecosystem. Our study shows that leaning on functional analogies to
the enteric chemotaxis system serves as both a valid and critical foundation for future
studies to understand the functional blueprint of diverse Wsp systems in greater detail.
Key focus should be placed on elucidating the function of WspH and its interacting
partners, disentangling the functional uniqueness of WspB and WspD, and identifying
extracellular stimuli for WspA in diverse organisms.

MATERIALS ANDMETHODS
Strains and culture conditions. All bacterial strains were routinely grown in Lennox LB (Fisher

BioReagents) or on Pseudomonas agar F (PAF) (Difco). Pseudomonas F (PF) broth (a nonagar variant of
PAF) was prepared with the following composition: pancreatic digest of casein at 10 g/liter (Remel), pro-
teose peptone no. 3 at 10 g/liter (Remel), dipotassium phosphate at 1.5 g/liter (Sigma-Aldrich), and mag-
nesium sulfate at 1.5 g/liter (Sigma-Aldrich). Pseudomonas and Burkholderia strains were incubated at
30°C and 37°C, respectively, with shaking at 250 rpm when applicable. wsp mutants used in this study
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were previously isolated from Burkholderia cenocepacia HI2424 (43) and Pseudomonas fluorescens Pf0-1
(39). Colony morphology was evaluated in triplicate by inoculating PAF plates (9-mm petri dish with
25 ml of PAF) with 25ml of a culture grown overnight and then incubating the plates at 22°C for 4 days.

Cyclic di-GMP extraction and LC-MS/MS. An isolated colony of each strain was transferred to PF
broth and grown overnight at the respective temperatures. Cultures grown overnight were diluted to an
optical density at 600 nm (OD600) of 0.04 in triplicate, incubated at the respective temperatures for 2 to
4 h until the samples reached an OD600 of 0.5, and then promptly processed for cyclic di-GMP extraction.
Cyclic di-GMP extraction and quantification procedures were performed according to the protocols
established by the Michigan State University Research Technology Support Facility (MSU-RTSF): the
MSU_MSMC_009 protocol for dinucleotide extractions and the MSU_MSMC_009a protocol for liquid
chromatography-tandem mass spectrometry (LC-MS/MS). All of the following steps of cyclic di-GMP
extraction were carried out on ice unless noted otherwise. One milliliter of culture at an OD600 of 0.5 was
centrifuged at 15,000 relative centrifugal force (RCF) for 30 s, and cell pellets were resuspended in
100 ml of ice-cold acetonitrile-methanol-water (40:40:20 [vol/vol/vol]) extraction buffer supplemented
with final concentrations of 0.01% formic acid and 25 nM cyclic di-GMP-fluorinated internal standard
(cyclic di-GMP-F) (catalog no. 1334145-18-4; InvivoGen). Pelleted cells were mechanically disturbed with
the Qiagen TissueLyser LT system at 50 oscillations/s for 2 min. Resuspended slurries were incubated at
220°C for 20 min and pelleted at 15,000 RCF for 15 min at 4°C. The supernatant was transferred to a pre-
chilled tube and then supplemented with 4 ml of 15% (wt/vol) ammonium bicarbonate (Sigma-Aldrich)
buffer for stable cryo-storage (47). Extracts were stored at 280°C for less than 2 weeks prior to LC-MS/
MS analysis at MSU-RTSF. We observed sample degradation with repeated freeze-thaw cycles, so we
ensured that the extracts were never thawed prior to LC-MS/MS analysis. All samples were evaporated
under a vacuum (SpeedVac, no heat) and redissolved in 100 ml of the mobile phase (10 mM tributyl-
amine [TBA]–15 mM acetic acid in water-methanol [97:3, vol/vol] [pH 5]). Ultrahigh-performance LC-MS/
MS (UPLC-MS/MS) quantification was performed using a Waters Xevo TQ-S instrument with the follow-
ing settings: cyclic di-GMP-F at an m/z transition of 693 to 346 with a cone voltage of 108 and a collision
voltage of 33 and cyclic di-GMP at an m/z transition of 689 to 344 with a cone voltage of 83 and a colli-
sion voltage of 31. Cyclic di-GMP data were normalized to 25 nM cyclic di-GMP-F by MSU-RTSF to
account for sample matrix effects and sample loss during preparation. We used the OD600 measurements
of the initial samples to report the quantified cyclic di-GMP as nanomolar/OD unit and visualized the
results with GraphPad Prism5.

Generation of the H- and R-system data set. The WspH-encoding system of B. cenocepacia HI2424
and the WspR-encoding system of P. fluorescens Pf0-1 were used as queries to search the BCT bacterial
subdivision of GenBank for syntenic homologs (NCBI protein accession no. ABK10522.1, ABK10523.1,
ABK10524.1, ABK10525.1, ABK10526.1, ABK10527.1, ABK10528.1, and ABK10529.1 and accession no.
ABA72795.1, ABA72796.1, ABA72797.1, ABA72798.1, ABA72799.1, ABA72800.1, and ABA72801.1, respec-
tively). All previous Wsp studies show that the wsp operon is highly syntenic (18, 27, 28, 32–34, 37, 39,
45–47), and B. cenocepacia HI2424 shares this synteny (43). Cooper et al. identified that wspH had relo-
cated from the 39 end to the 59 end of the WspH gene cluster (43). To determine if syntenic homologs
have a similar wspH gene cluster arrangement and to generate a large data set of H- and R-systems, we
used MultiGeneBlast v-1.1.14 to search GenBank and identify homologous Wsp systems. MultiGeneBlast
performs a BLAST analysis for query sequences and then provides a weighted score based on the syn-
teny of the genes (70). We executed MultiGeneBlast locally against the bacterial subdivision of GenBank
(BCT subdivision) and reported the first 2,000 syntenic homolog hits for the WspH-encoding system of B.
cenocepacia HI2424 and the WspR-encoding system of P. fluorescens Pf0-1. The P. fluorescens Pf0-1
search results are provided in Data Set S1 at https://dsc.duq.edu/biology-data/4/, and the B. cenocepacia
HI2424 search results are provided in Data Set S2. Our search produced 1,640 R-system hits and 1,500 H-
system hits. Both searches generated fewer than 2,000 hits as we had specified, indicating that we had
identified nearly all available wsp homologs in the GenBank database that match our queries.

Assessment of the R-system data set showed that the first 810 R-system hits possessed a GGDEF or
GGEEF domain and shared synteny with the P. fluorescens Pf0-1 queries. Hits 811 and 812 of the R-sys-
tem search identified species that did not contain a wspR response regulator hit because an entry for
that locus was not included in their GenBank annotation files. Hits 813 to 827 and 829 identified
Burkholderia spp. with a 59 response regulator that lacked a GGDEF or GGEEF domain and closely
resembled the wspH gene cluster of B. cenocepacia HI2424. Hits 830 and above did not contain a gene
cluster with similarity to the wspR or wspH gene sets. Based on this information, we collected the first
810 R-system hits to be included in the final R-system data set. A similar distribution was observed for
the 1,500 H-system hits. The first 217 H-system hits identified were Burkholderia species with a 59
response regulator that lacked a GGDEF or GGEEF domain. Hits 218 to 818 included a GGDEF or GGEEF
domain and closely resembled the wspR gene cluster of P. fluorescens Pf0-1. Hits 819 to 829 were
Pseudomonas species that did not contain a wspH hit. Manual analysis identified these as wspR-contain-
ing operons with low wspH homology. Hits 830 and above did not contain a gene cluster with similarity
to the wspR or wspH gene sets. Based on this information, we collected the first 818 H-system hits to be
included in our H-system data set. Compiling the two data sets and removing duplicate hits generated a
final data set of 794 total hits. We identified 588 R-systems based on the presence of the GGDEF or
GGEEF domain and 206 H-systems that lacked this domain and were 59 adjacent. We did not identify
any H-systems with a 39 response regulator, nor did we find any organisms that contained both H- and
R-systems.

Phylogenetic analysis of WspH/R data set strains. The MultiGeneBlast output includes the NCBI
organism accession number and the protein accession numbers for each sequence identified in the

Evolutionary Divergence of the Wsp Signaling Systems Applied and Environmental Microbiology

November 2021 Volume 87 Issue 22 e01306-21 aem.asm.org 13

https://www.ncbi.nlm.nih.gov/protein/ABK10522.1
https://www.ncbi.nlm.nih.gov/protein/ABK10523.1
https://www.ncbi.nlm.nih.gov/protein/ABK10524.1
https://www.ncbi.nlm.nih.gov/protein/ABK10525.1
https://www.ncbi.nlm.nih.gov/protein/ABK10526.1
https://www.ncbi.nlm.nih.gov/protein/ABK10527.1
https://www.ncbi.nlm.nih.gov/protein/ABK10528.1
https://www.ncbi.nlm.nih.gov/protein/ABK10529.1
https://www.ncbi.nlm.nih.gov/protein/ABA72795.1
https://www.ncbi.nlm.nih.gov/protein/ABA72796.1
https://www.ncbi.nlm.nih.gov/protein/ABA72797.1
https://www.ncbi.nlm.nih.gov/protein/ABA72798.1
https://www.ncbi.nlm.nih.gov/protein/ABA72799.1
https://www.ncbi.nlm.nih.gov/protein/ABA72800.1
https://www.ncbi.nlm.nih.gov/protein/ABA72801.1
https://dsc.duq.edu/biology-data/4/
https://aem.asm.org


analysis. The RefSeq URLs for the assembly statistics file for each organism were determined from the
NCBI organism accession numbers using the Entrez.esearch and Entrez.read utilities of BioPython v-1.78
(71) (see File S1 at https://dsc.duq.edu/biology-data/4/). Data for Caulobacter crescentus (see Table S2 in
the supplemental material) was obtained manually for rooting the species phylogeny. We chose C. cres-
centus because it is an alphaproteobacterium that contains the diguanylate cyclase PleD, which has
been previously used as a reference in wspR studies (41). R statistical software was then used to down-
load all RefSeq assembly data files for each organism using generated URLs based on the assembly sta-
tistics files (code provided in Files S2 to S4 at https://dsc.duq.edu/biology-data/4/). The obtained files
were compared to the Bac120 ubiquitous housekeeping gene set established previously by Parks et al.
(72). This search was conducted with the hmmsearch tool of HMMER v-3.3.2 with an E value cutoff of
1e210 (73). The hidden Markov model (HMM) files were converted to sequence files using the esl.sfetch
tool of the Easel HMMER library using default settings. Some organisms contained multiple copies of a
housekeeping gene. In these instances, the gene with the lowest E value was selected for the analysis.
Organisms that lacked any of the Bac120 genes received a blank fasta entry, indicated by dashes.
Peptide-encoding sequences for each gene in the Bac120 set were aligned using MAFFT v-7.475 with
1,000 iterations and global pair options (74). Trimal v-1.3 was then used to remove gaps with a 0.9 cutoff
value option (75). This generated 120 individual alignments with 795 organisms per alignment (794
from the data set plus the rooting sequence). Finally, one continuous sequence was generated for each
organism by concatenating the 120 aligned sequences into a single string. This ultimately generated a
single file with 795 organisms where one entry included the aligned information for all 120 genes. This
method has a much higher sensitivity to differentiate species than traditional 16S phylogenetic methods
(72). The final alignment was evaluated under the maximum likelihood (ML) algorithm RAxMLv-8.0.0
(HPC-HYBRID-AVX2) with the PROTCATBLOSUM62 model, 100 bootstraps, and the -f a hill-climbing
options enabled. Final trees were rendered using the ITOL software suite (Fig. 3).

Phylogenetic analysis of the Wsp signaling core. MultiGeneBlast provides protein accession num-
bers for sequences identified in the analysis. Sequence files for these peptides were downloaded from
the NCBI with the provided accession numbers using the Entrez.esearch, Entrez.read, and Entrez.fetch
utilities of BioPython (71) (code provided in File S1 at https://dsc.duq.edu/biology-data/4/). As in the
species tree, C. crescentus was selected to root the tree. P. fluorescens Pf0-1 wsp homologs were identi-
fied in C. crescentus and are described in Table S2. fasta files were independently generated for WspA,
WspB, WspC, WspD, WspE, or WspF, resulting in 795 sequences per file (794 from the data set plus the
rooting sequence). WspR and WspH were omitted from this analysis since they are divergent in both
function and sequence. The fasta files were aligned using MAFFT with 1,000 iterations and global pair
options (74). Trimal was then used to remove gaps with a 0.3 cutoff value option (75). A continuous
“Wsp signaling core” sequence was generated for each organism by concatenating the six independ-
ently aligned Wsp sequences into a single string. RAxML (HPC-HYBRID-AVX2) was called with the
PROTCATBLOSUM62 model, 1,000 bootstraps, and the -f a hill-climbing options enabled. Final trees
were rendered using the ITOL software suite (Fig. S1).

Assessment of sequence conservation using Shannon entropy. To evaluate the conservation of
residues in each Wsp protein, alignments were generated as described above for the Wsp phylogeny
except that C. crescentus was not included in the alignments. The generated alignments were uploaded
to the Protein Residue Conservation Prediction tool established by Capra and Singh to calculate the
Shannon entropy of each position within the alignment (57). We used the Shannon entropy scoring
method with a window size of 3, sequence weighting enabled, and BLOSUM62 matrix options. This tool
evaluates the entropy in an alignment where sites with high variation have high Shannon entropy. The
tool then scales the entropy to a range of (0,1) and subtracts this score from 1 so that higher scores indi-
cate greater conservation. This value is referred to as the conservation score. The conservation scores
provided by this analysis were then downloaded, interpreted via Python, and plotted via the matplotlib
library for each Wsp alignment. Residues with a high conservative threshold ($0.80) conservation score
are highlighted in red. Available single-nucleotide polymorphism (SNP) data and annotation data were
mapped to this graph to provide context on the function of these identified regions. We accomplished
this by generating a consensus sequence for each alignment using the SeqIO library of BioPython v-1.78
(71) (code provided in File S1 at https://dsc.duq.edu/biology-data/4/). We then individually mapped all
available mutation data in the literature to the consensus sequences on a case-by-case basis using
MEGA alignment software (76) (Table S3). This provided a residue position of where mutations would
fall in the alignment. Likewise, the consensus sequences were annotated using available Wsp literature
(18, 27, 28, 32–34, 37, 39, 45–47) and the NCBI’s Conserved Domain Database (CDD) (77) and through
homology to the enteric chemotaxis Che system as reported in Table S4.

Identifying residues essential for divergent H-system signaling. Alignments were constructed for
the seven Wsp proteins (WspA, WspB, WspC, WspD, WspE, WspF, and WspH/R) using the 794 peptide
sequences as detailed above. The alignment for each Wsp protein was parsed via Python scripts into an
H- or R-system alignment subset, resulting in 206 or 588 peptides per alignment, respectively. The pars-
ing method retained the organization of the original 794-sequence alignment, allowing the H- and R-
system alignment subsets to be directly compared for each Wsp protein. We generated a consensus
sequence for all 14 alignments (7 Wsp proteins parsed into H- or R-system subsets) using the consensus
algorithm of the AlignIO library in BioPython (71). Next, we calculated the conservation scores of the
alignments as described above. We used the generated consensus sequence and the conservation score
to create residue pairs for each position in the alignment, creating 2,899 residue pairs. For example, resi-
due 360 of WspA has a serine in the H-system (conservation score = 0.99999) but a lysine in the R-system
(conservation score = 0.80182). We identified residues that had a conservation score of $0.80 in both
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the H- and R-system data sets, which indicates that the residue is likely functionally important in both
systems. This reduced the data set to 971 residue pairs. We next considered mismatched residue pairs
where a mutation likely occurred within the H-system during or after the evolutionary divergence of the
H- and R-systems, further reducing the data set to 178 residue pairs. Fifty-six ambiguous residue pairs, or
residues assigned “X” in the consensus sequence, were omitted from our analysis, resulting in 122 resi-
due pairs. We used the data set of Pechmann and Frydman to identify conservative or nonconservative
mutations in the H-system subset compared to the R-system subset (63). Seventy-three residue pairs
constituted a conservative mutation from the R-system to the H-system and were filtered out of our
data set. The final data set contained 43 residue pairs where each residue is highly conserved in its re-
spective alignment subset; the residue pair identifies a nonconservative mutation within the H-system
compared to the R-system that may be essential for H-system signaling.

Motif assessment of WspB and WspD. Assessment of conservation scores for WspB and WspD
found that the conserved sites of these proteins were not similar. To visualize this difference, we col-
lected the conservation scores of residues with a high conservative threshold ($0.80) that were continu-
ous for 3 or more residues. The identified islands of conservation plus 2 flanking residues on both ends
were selected from the alignment to generate a sequence logo. Sequence logos were generated using
WebLogo v-2.8.2 (78) with default settings and the logo range values for the sequences of interest.
Comparisons of the motif sequence logos of WspB and WspD were conducted manually.

Data availability. All sequences assessed in this study were obtained from the NCBI’s Sequence
Read Archive (SRA). The following files of this study are openly available in the Duquesne Scholarship
Collection repository at https://dsc.duq.edu/biology-data/4/: Data Set S1 (MultiGeneBlast metadata for
the P. fluorescens Pf0-1 wsp operon), Data Set S2 (MultiGeneBlast metadata for the B. cenocepacia HI2424
wsp gene cluster), File S1 (Python script executed on Data Sets S1 and S2), File S2 (R script executed by
File S1 to download RefSeq genome assemblies), File S3 (R script executed by File S1 to parse the File S2
output for Bac120 set creation), and File S4 (R script executed by File S1 to parse the File S3 output and
finalize the Bac120 data set).
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