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Abstract

The molecular chaperone Hsp90 is essential in eukaryotes, in which it facilitates the folding of developmental regulators and
signal transduction proteins known as Hsp90 clients. In contrast, Hsp90 is not essential in bacteria, and a broad
characterization of its molecular and organismal function is lacking. To enable such characterization, we used a genome-
scale phylogenetic analysis to identify genes that co-evolve with bacterial Hsp90. We find that genes whose gain and loss
were coordinated with Hsp90 throughout bacterial evolution tended to function in flagellar assembly, chemotaxis, and
bacterial secretion, suggesting that Hsp90 may aid assembly of protein complexes. To add to the limited set of known
bacterial Hsp90 clients, we further developed a statistical method to predict putative clients. We validated our predictions
by demonstrating that the flagellar protein FliN and the chemotaxis kinase CheA behaved as Hsp90 clients in Escherichia
coli, confirming the predicted role of Hsp90 in chemotaxis and flagellar assembly. Furthermore, normal Hsp90 function is
important for wild-type motility and/or chemotaxis in E. coli. This novel function of bacterial Hsp90 agreed with our
subsequent finding that Hsp90 is associated with a preference for multiple habitats and may therefore face a complex
selection regime. Taken together, our results reveal previously unknown functions of bacterial Hsp90 and open avenues for
future experimental exploration by implicating Hsp90 in the assembly of membrane protein complexes and adaptation to
novel environments.
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Introduction

In eukaryotes, the universally conserved and essential chaper-

one Hsp90 aids the folding of key proteins in development and

responses to environmental stimuli [1–3]. In yeast, up to 10% of all

proteins are estimated to be Hsp90 clients under standard culture

conditions [4]. Hsp90 function is even more important under

stressful conditions that challenge protein folding, such as

increased temperature [5]. The activity of eukaryotic Hsp90 is

further modulated by various co-chaperones, which confer

substrate specificity and alter protein folding kinetics [2,5].

Depletion of eukaryotic Hsp90 in vivo increases phenotypic

variation, reveals ‘cryptic’ heritable variation, and increases

penetrance of mutations [6–9]. Accordingly, eukaryotic Hsp90

enables organisms to maintain a stable phenotype in the face of

environmental and genetic perturbation and to correctly interpret

environmental stimuli.

In stark contrast, in prokarya, Hsp90 is not essential [10] and

many bacterial genomes lack Hsp90 altogether [11]. Among

Archaea, only very few species contain Hsp90, and those are

thought to have gained Hsp90 horizontally from bacteria [11,12].

This fragmented phylogenetic pattern likely results from multiple

independent gains and losses, though phylogenetic reconstructions

are confused by ancient Hsp90 paralogy [11,12]. At the amino

acid level, the Escherichia coli Hsp90 (High-temperature protein G

or HtpG) is 42% identical to its human homolog, suggesting strong

stabilizing selection consistent with functional conservation [13].

Indeed, E. coli Hsp90 appears to retain generic protein chaperone

activity [14] and homologous Hsp90 mutations cause chaperone

defects in both the prokaryotic E. coli and eukaryotic yeast [15].

However, there are no identified obligate Hsp90 co-chaperones in

bacteria, adding to the uncertainty regarding the extent of its client

spectrum and specificity.

To date, only three proteins have been implicated as Hsp90

clients in bacteria, with non-overlapping functions in ribosome

assembly, the assembly of light-harvesting complexes, and the

CRISPR/Cas immunity system [16–18]. Several other proteins

have been shown to physically interact with the chaperone
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[19,20]. Together with our knowledge of eukaryotic Hsp90

function, these data have given rise to the speculation that

Hsp90 may facilitate the assembly of oligomeric protein complexes

in bacteria, much like it does in eukaryotes [21]. Unlike in

eukaryotes, however, further exploration of Hsp90’s functional

role in bacteria has proven challenging because there are no

pleiotropic Hsp90-dependent phenotypes.

To address this challenge, we used a genome-scale co-

evolutionary ‘guilt-by-association’ approach [22,23] to explore

the spectrum of conserved Hsp90-associated genes, functions, and

organismal traits. Hsp90-associated genes tended to function in

flagellar assembly, chemotaxis, and secretion. Consistent with

these functions, Hsp90-associated organismal traits included the

ability to inhabit multiple environments. To add to the sparse list

of known bacterial Hsp90 clients, we further developed a statistical

method to predict putative Hsp90 clients, which included flagellar,

ribosomal, and chaperone proteins. We validated our predictions

experimentally, focusing on two candidates functioning in motility

and chemotaxis. Indeed, both the flagellar protein FliN and the

kinase CheA were found to be Hsp90 clients in vivo. Our findings

demonstrate the power of co-evolutionary inference to correctly

identify substrates and functions of conserved genes like bacterial

Hsp90.

Results

Hsp90 paralogs in bacteria
Our method for inferring the function of bacterial Hsp90 is

based on the analysis of its distribution across the bacterial

phylogeny. However, this analysis is complicated by the existence

of multiple ancient Hsp90 paralogs in bacteria. These paralogs

may be older than existing phyla in bacteria [11,12], and may

have evolved distinct functions on this enormous time scale. To

address this issue and to identify each paralog, we first clustered

bacterial Hsp90s by sequence identity. We identified 897 bacterial

Hsp90 protein sequences in the KEGG database [24] and built a

neighbor-joining gene tree of bacterial Hsp90s (Figure S1A–B).

We observed two well-supported long-branching clades as well as

several less confident divisions in the tree (Figure S1B). These two

long-branching clades contain sequences corresponding to the

‘hsp90B’ and ‘hsp90C’ paralogs that were described previously

[11,12]. All other branches correspond to ‘hsp90A’ [11], which is

the largest of the Hsp90 families in bacteria (Figure S1C, Text S1).

Notably, hsp90A is the lineage out of which all eukaryotic Hsp90s

(excluding mitochondrial and chloroplast Hsp90s) are derived.

Moreover, the E. coli gene htpG belongs to the hsp90A family, and

its gene product is the best-studied bacterial Hsp90 protein. For

these reasons, we restricted our analysis to hsp90A.

Genome-wide detection of genes co-evolving with
hsp90A

We set out to identify orthologous groups whose presence and

absence profiles across bacterial species are associated with the

presence and absence profile of hsp90A. To avoid spurious

associations, any such comparative analysis must go beyond a

naı̈ve comparison of presence/absence patterns across genomes

and incorporate phylogenetic information [25]. To this end, we

used BayesTraits [26–28], a computational framework for

phylogenetic analysis of character evolution. Given the states

(e.g., presence/absence) of two characters across some set of

species and a phylogenetic tree relating these species, BayesTraits

evaluates the likelihood of various evolutionary models throughout

the tree. This approach can be utilized, for example, to determine

whether these two characters evolve in a mutually dependent vs.

an independent fashion.

We used BayesTraits to detect associations between hsp90A and

4646 other orthologous groups in bacteria (which hereafter we

shall refer to as ‘genes’ for simplicity). We used the tree constructed

by Ciccarelli et al. [29] as a model phylogeny (Figure 1). In this

initial analysis, we tested for any kind of dependency between

hsp90A and other genes, and did not make specific assumptions

about the nature of the relationship between hsp90A and the genes

in question [28]. Specifically, we compared a model in which the

Figure 1. The distribution of hsp90A across a bacterial
phylogeny. Branches are colored according to phyla. Large taxonomic
groups are labeled. Branch lengths are ignored for ease of display. The
phylogeny constructed by Ciccarelli et al. [29] is used (see Methods). For
distribution of other bacterial Hsp90 paralogs, see Figure S1C. hsp90B
and hsp90C are not displayed, and are ignored throughout the analysis.
doi:10.1371/journal.pgen.1003631.g001

Author Summary

Hsp90 is a chaperone protein that aids the folding of many
other proteins (clients), which tend to be signal transduc-
tion proteins. Hsp90 is particularly important when
organisms are under environmental or mutational stress
(e.g. in cancerous cells). Although Hsp90 is well-studied in
eukaryotic species from yeast to humans, little is known
about its counterpart in bacteria. To address this
challenge, we analyzed the presence and absence of
thousands of genes across numerous bacterial species and
identified genes that co-evolved with Hsp90. These genes
provide insights into potential functions of Hsp90 in
bacteria. We found that Hsp90 co-evolves with membrane-
associated protein complexes such as the flagellum and
that Hsp90 is associated with a preference for inhabiting
multiple habitats. We extended our analysis to identify
genes that exhibit evolutionary dynamics characteristic of
Hsp90 clients. Many of the putative clients were involved
in flagellar assembly, suggesting a crucial role of Hsp90 in
the regulation of bacterial motility. We experimentally
confirmed that E. coli Hsp90 interacts with selected
candidates and demonstrated Hsp90’s role in flagellar
motility and chemotaxis. The computational approach
described here, identifying novel functions and specific
clients of bacterial Hsp90, further provides exciting starting
points for research in bacterial chaperone biology.

Evolutionary Inference of Bacterial Hsp90 Function
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rate of gain and loss of a given gene is independent of the rate of

gain and loss of hsp90A (independent evolution) vs. a model in

which the rate of gain and loss of this gene is affected by the

presence or absence of hsp90A or vice-versa (co-evolution).

In total, we found 327 genes that co-evolve with hsp90A (Dataset

S1). We will refer to this set as hsp90A-associated genes. These

hsp90A-associated genes were significantly enriched for annota-

tions related to the flagellum and to bacterial secretion systems

(Table 1). Moreover, out of the 16 hsp90A-associated bacterial

secretion genes, 10 were part of the non-flagellar Type III

secretion system, suggesting that hsp90A is associated specifically

with this system rather than with secretion systems in general.

Using a different and markedly more extensive phylogeny [30]

provided similar results (see Text S1, Table S1), as did a pruned

Ciccarelli tree without the species containing the hsp90B or hsp90C

(see Text S1).

Characterization of co-evolutionary dynamics
The associations of hsp90A with other genes identified above are

agnostic to the specific nature of the dependency between hsp90A

and the gene in question. For example, our initial analysis could

not distinguish between a positive association (i.e. genes tend to be

gained and lost together) and a negative association (i.e. genes tend

not to co-occur in genomes). Similarly, this analysis did not

distinguish between genes whose gains and losses are affected by

the presence of hsp90A (but that do not themselves affect hsp90A

evolution) and genes that exhibit mutually dependent dynamics

with hsp90A. Without a quantitative estimate of the effects that

hsp90A and its co-evolving partners have upon one another,

inference of Hsp90A function and its relationship with other genes

is challenging.

To characterize the specific nature of the dependency between

hsp90A and hsp90A-associated genes, we therefore examined rates

of gain and loss inferred by BayesTraits. We focused on the two

major non-overlapping hsp90A-associated functional categories,

flagellar assembly and bacterial secretion. Considering, for

example, fliI, a representative flagellar gene, we found that its

gain and loss was strongly affected by the presence of hsp90A.

Specifically, in the presence of hsp90A, fliI was often gained and

rarely lost, whereas it was rarely gained and often lost when hsp90A

is absent (Figure 2A). This pattern was common to all hsp90A-

associated flagellar genes (Figures 2C, S2), suggesting a positive

association between hsp90A and flagellar genes throughout

evolution. In contrast, the co-evolutionary relationship between

hsp90A and yscN, a representative nonflagellar type III secretion

system gene, was markedly different, with yscN presence strongly

affecting the gain and loss of hsp90A (Figure 2B). Specifically, the

presence of yscN was associated with a large increase in the rates of

gain and (even more dramatically) loss of hsp90A relative to these

rates in its absence. Again, this pattern was common to all hsp90A-

associated bacterial secretion genes (Figures 2D, S3, S4),

suggesting a negative association between hsp90A and nonflagellar

secretion genes throughout evolution.

To further validate the fundamentally distinct co-evolutionary

dynamics of these two groups of genes, we considered four

different co-evolutionary models: (1) hsp90A and the gene in

question are independent (null); (2) hsp90A and the gene in

question are mutually dependent; (3) hsp90A is dependent on the

gene in question but not vice versa, and (4) the gene in question is

dependent upon hsp90A but not vice versa (Methods). We used the

Akaike Information Criterion (AIC [31]) to determine which of

these 4 models best fit the co-evolutionary dynamics of each

hsp90A-associated gene. As expected, none of the hsp90A-associ-

ated genes fit the independent model. Of the 27 hsp90A-associated

flagellar genes, 25 were classified as being dependent on hsp90A

but not vice-versa (model 4). Of the 16 hsp90A-associated secretion

system genes, 10 genes were classified as mutually dependent with

hsp90A (model 2; 6 of which were Type III secretion system genes),

whereas 6 were classified as affecting the evolution of hsp90A

(model 3). Furthermore, considering all hsp90A-associated genes,

we found that genes that best fit each of the evolutionary

dependency models above (models 2, 3, and 4) were enriched for

different functions (Table 1). Specifically, among genes dependent

on hsp90A, flagellar motility was strongly enriched, whereas among

genes mutually dependent on hsp90A, secretion system compo-

nents were enriched. Taken together, these patterns suggest that

Table 1. Functional enrichments in the classes of hsp90A-associated genes.

Functional Class (KEGG) P-Value Number of genes*

All genes co-evolving with hsp90A (327 genes)

Flagellar assembly [PATHko02040] 9.6E-24 27/39

Bacterial motility proteins [BRko02035] 9.6E-14 35/111

Bacterial chemotaxis [PATHko02030] 8.9E-07 10/26

Bacterial secretion system [PATHko03070] 3.0E-06 16/65

Genes upon which hsp90A is dependent (70 genes)

Bacterial secretion system [PATHko03070] 1.4E-05 6/65

Secretion system [BRko02044] 1.4E-05 11/217

Genes dependent on hsp90A (139 genes)

Flagellar assembly [PATHko02040] 2.8E-28 25/39

Bacterial motility proteins [BRko02035] 5.3E-20 31/111

Bacterial chemotaxis [PATHko02030] 2.6E-07 8/26

Genes mutually dependent with hsp90A (103 genes)

Bacterial secretion system [PATHko03070] 9.1E-08 10/65

Staphylococcus aureus infection [PATHko05150] 4.5E-07 4/9

*The number of genes with this functional annotation in the hsp90A-associated set and in the background set.
doi:10.1371/journal.pgen.1003631.t001

Evolutionary Inference of Bacterial Hsp90 Function
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flagellar genes and secretion system genes had markedly different

regimes of co-evolution with hsp90A.

Prediction of Hsp90A clients
Although many genes exhibited distinct patterns of co-evolution

with hsp90A, these patterns could be the result of indirect

evolutionary relationships rather than the outcome of a direct

interaction with Hsp90A. We therefore aimed to predict specific

genes that encode putative hsp90A clients. Our method is based on

the assumption that strong, conserved clients should be heavily

dependent on Hsp90A, and thus should be found only rarely in the

absence of hsp90A throughout evolution. To estimate the expected

frequency of each hsp90A-associated gene with and without

hsp90A, we used the inferred BayesTraits rates to calculate the

steady-state probabilities of each of the 4 possible two-gene

presence/absence states (Methods). These probabilities represent

the proportion of the time that some arbitrary bacterial lineage will

spend in each of the presence/absence states throughout

evolution. From these probabilities we calculated a Putative Client

Index (PCI) for each hsp90A-associated gene to evaluate how often

it was present without hsp90A throughout evolution, compared to a

null expectation (see Methods). This index is close to zero for genes

Figure 2. Flagellar genes and secretion system genes show distinct signatures of co-evolution with hsp90A. Schematic diagrams of the
models describing the co-evolution of hsp90A with the flagellar gene fliI (A) and the non-flagellar Type III secretion gene yscN (B). The four boxes
represent the four possible states of presence and absence in each model, and arrows represent transitions between them (gain or loss events).
Arrow widths in each diagram are scaled to represent the rate of each transition. The average transition rate and standard deviation across multiple
BayesTraits runs are displayed (see Methods). Box plots of the rates of gain and loss of all hsp90A-associated flagellar genes (n = 27; C) and all hsp90A-
associated Type III secretion genes (n = 10; D) further demonstrate consistent co-evolutionary dynamics of genes in these categories. A box plot of all
hsp90A-associated secretion genes (including all types) is provided as Figure S4.
doi:10.1371/journal.pgen.1003631.g002

Evolutionary Inference of Bacterial Hsp90 Function
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that were infrequently present without hsp90A and were hence

likely to be Hsp90A clients. We defined the genes with the lowest

PCI values as putative clients (Table 2; see also Text S1).

Novel and known functions of putative Hsp90 clients
Consistent with our prior analysis, several flagellar genes

behaved as potential clients (Table 2). In particular, our set of

putative clients included several genes (fliH, fliI, fliN) whose

products had been previously shown to physically interact with

Hsp90A in E. coli [19]. The products of these genes are

cytoplasmic components of the flagellar rotor and export

apparatuses. In contrast, nonflagellar type III secretion genes

were all absent from the list of potential clients. In fact,

nonflagellar type III secretion system components were rated as

some of the least likely clients by our index (Figure 3). This

disparity in predicted client status mirrors the different evolution-

ary relationships of these complexes with hsp90A (Figure 2).

Chaperone/proteases (e.g. ClpA and PpiD) also ranked high

in our list of potential clients. Hsp90A is known to collaborate

with other chaperone systems such as DnaK [14,32] but to

date no obligate co-chaperones have been described. The

identified chaperone/proteases may represent such co-chap-

erones or collaborating chaperone systems, since our index

cannot discriminate between Hsp90 clients and Hsp90 co-

chaperones (or other collaborating proteins). Alternatively,

these observed associations could simply indicate that compo-

nents of the cytoplasmic stress response are dependent upon

Hsp90A.

We also found several unexpected putative clients, such as the 3-

hydroxybutyryl-CoA dehydrogenase PaaH and the transcription

termination factor Rho, which we predict to be the two strongest

clients. Further study will be necessary to understand these

associations and the underlying cause of the co-evolutionary

association between these genes and hsp90A.

Swimming motility and chemotaxis assays of Hsp90A-
defective E. coli

Our putative clients and the predicted chaperone role of

Hsp90A in flagellar assembly are consistent with previous

observations. Specifically, the deletion of E. coli hsp90A, also

known as htpG, resulted in reduced surface swarming movement

[33]. We also previously observed physical interactions between

the HtpG protein and certain flagellar proteins [19]. Yet, these

observations lacked a clear demonstration of client status or

mechanism, and E. coli swarming is a complex behavior that

depends on numerous factors in addition to flagellar function [34].

We therefore set out to test our hypothesis that Hsp90A is

physiologically important for flagellar assembly and function and

that flagellar components are indeed Hsp90A clients.

We examined the swimming motility phenotype of DhtpG E. coli

strains on soft-agar plates (Methods). In contrast to surface

swarming, swimming is a less complex behavior, in which bacteria

use functional flagella and chemotaxis components to swim from

an inoculation point through agar pores, following nutrient

gradients that are created by nutrient depletion within the colony.

The soft-agar assay is routinely used to assay bacterial swimming

motility and chemotaxis. To enhance our ability to detect

differences between wild-type and DhtpG cells, the assays were

performed competitively. Competitive assays emphasize small

differences between strains and reduce experimental error, thereby

increasing the sensitivity of the assay. After mixing equal amounts

of YFP-labeled WT and CFP-labeled DhtpG strains, this mixture

was inoculated in the center of a soft-agar plate and incubated at

34uC for 8 hrs. We then counted cells of each strain in the plate

center vs. the outer edge using fluorescence microscopy

(Figure 4A). DhtpG mutants migrated less efficiently to the plate’s

outer edge relative to WT, confirming that they are partially

deficient in their motility and/or chemotaxis (Figure 4B). This

defect is apparently subtle, since little difference between WT and

DhtpG cells was observed in a non-competitive assay (Figure S5),

Table 2. Putative Hsp90A clients among 327 hsp90A-
associated genes.

PCI KO Gene product function and KEGG common name

0.041 K03628 transcription termination factor, Rho

0.067 K00074 3-hydroxybutyryl-CoA dehydrogenase, PaaH

0.102 K02427 23S rRNA (uridine2552-29-O)-methyltransferase, RlmE

0.178 K03770 peptidyl-prolyl cis-trans isomerase D, PpiD

0.203 K06178 23S rRNA pseudouridine2605 synthase, RluB

0.257 K03694 ATP-dependent Clp protease ATP-binding subunit, ClpA

0.269 K01525 bis-nucleosyl tetraphosphate, ApaH

0.295 K07082 UPF0755 protein

0.298 K05788 Integration host factor beta subunit, IhfB

0.299 K15270 S-adenosylmethionine uptake transporter, Sam

0.311 K02411 flagellar assembly protein, FliH

0.341 K02412 flagellum-specific ATP synthase, FliI

0.347 K02417 flagellar motor switch protein, FliN/FliY

0.357 K02419 flagellar biosynthetic protein, FliP

0.358 K02392 flagellar basal-body rod protein, FlgG

0.358 K02388 flagellar basal-body rod protein, FlgC

0.362 K02390 flagellar hook protein, FlgE

0.374 K00795 farnesyl diphosphate synthase, IspA

doi:10.1371/journal.pgen.1003631.t002

Figure 3. The distribution of the Putative Client Index, PCI,
among hsp90A-associated genes. Lower values indicate behavior
closer to that expected of a client. The 18 genes most likely to be clients
are listed in Table 2. Prominent functional groups are highlighted, as
well as two chaperone-encoding genes.
doi:10.1371/journal.pgen.1003631.g003
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but it could be revealed due to strong selection for cells with

optimal motility and chemotaxis at the outer edge of the spreading

bacterial population.

We also tested the phenotype of the HtpG(E34A) mutant, which

has reduced rates of ATP hydrolysis and is deficient in substrate

refolding [14,35]. Since HtpG ATPase activity is necessary for

release of clients, HtpG(E34A) is less efficient at releasing clients

[36–38]. Indeed, this mutant showed stronger motility/chemotaxis

defects than the DhtpG strain (Figure S5), presumably due to

sequestration of its client proteins. We therefore employed the

HtpG(E34A) mutant in all subsequent assays as a more sensitive

test of HtpG involvement. Taken together, our observations

suggest that the motility defect may be due to the improper

function or sequestration of HtpG clients.

FRET observation of HtpG interactions with flagellar
motor components

To further investigate the in vivo interaction of HtpG with flagellar

components, we used htpG-yfp and htpG(E34A)-yfp constructs

expressed in WT cells to perform acceptor photobleaching FRET

between HtpG and FliN-CFP over an E. coli growth curve. Motility of

E. coli is known to increase at the transition from the early exponential

to post-exponential phase of growth [39], and this experimental

design enabled us to examine the HtpG-FliN interaction in the

context of the flagellar assembly process. If HtpG is indeed involved

in the assembly process of these structures, the interaction of HtpG

with FliN should correspond temporally to the timing of flagellar

assembly. Indeed, we found that the interaction with FliN peaked at

OD600 = 0.2 (Figure 5A) and correlated well with the onset of cell

motility in wild-type cells (Figure 5B). Moreover, the interaction of

HtpG(E34A) with FliN was stronger and delayed compared to the

binding of wild-type HtpG. Correspondingly, the onset of motility

was delayed in cells expressing HtpG(E34A) (Figure 5B). This is

consistent with the delayed release of clients by HtpG(E34A),

suggesting that HtpG’s role in motility derives from a direct

involvement in flagellar complex assembly.

Given that both bacterial and eukaryotic Hsp90s are known to

collaborate with Hsp70 in refolding proteins [14,40–42], we

considered the possibility that this was also the case for bacterial

flagellar assembly. We previously showed that some flagellar

motor components interact with DnaK, the E. coli Hsp70 homolog

[19]. Therefore, we repeated the FRET experiments testing for

interactions between HtpG or HtpG(E34A) and FliN in a

DcbpADdnaJ background. CbpA and DnaJ are DnaK co-chaper-

ones and are essential for DnaK–dependent refolding activity [14].

DnaK should not be able to pass substrates to HtpG in this mutant

background. Indeed, we found that FRET interactions with FliN

disappear for both HtpG proteins in this background (Figure S6A),

suggesting that DnaK-dependent remodeling precedes HtpG

action in flagellar complex assembly.

FRET observation of HtpG interactions with
chemoreceptor components

Since a recent high-throughput assay showed kinases to be

overrepresented among eukaryotic Hsp90 clients [43,44], we next

examined whether the HtpG-dependent defects in chemotaxis

may also be due to defective chemoreceptor kinase activity.

Although no chemotaxis proteins were found in our list of the

strongest putative clients, we did observe a significant enrichment

of these components in the hsp90A-associated set (Table 1). We

thus tested interactions between six chemoreceptor cluster

components and HtpG(E34A) using, as before, acceptor photo-

bleaching FRET (Table S4). We observed a strong interaction of

HtpG(E34A) with the chemoreceptor kinase CheA. Our results

suggest that the FliN/HtpG and CheA/HtpG interactions are

direct and do not depend on other flagellar or chemotaxis

proteins, since these interactions are robust to deletion of flhC,

which ablates expression of all endogenous flagellar and chemo-

taxis genes (Table S4) [19]. Moreover, the CheA dimerization

domain was required for association with HtpG, supporting the

hypothesis that HtpG aids oligomerization of its clients [17,45].

Testing HtpG interactions with other chemotaxis proteins of E. coli

revealed an additional strong interaction with the dimeric

phosphatase CheZ but not with other proteins (Table S4).

We again examined the temporal dynamics of these interac-

tions. Due to the hierarchical order of flagellar and chemotaxis

gene expression [39,46], the assembly of chemoreceptor clusters is

delayed compared to the assembly of flagellar motors as non-

motile cells transition into motile cells. Indeed, the interaction of

HtpG with CheA peaked at OD600 = 0.3, after the FliN peak

(Figure 5A). Just as for FliN, the interaction of HtpG(E34A) with

CheA was stronger and delayed compared to wild-type HtpG, and

the HtpG-CheA interaction disappeared in a DcbpADdnaJ

background (Figure S6B). Collectively, these findings suggest that

HtpG plays an important role in the assembly of both the flagellar

motor and chemoreceptor clusters through separate client

interactions.

Association of hsp90A with life history traits in bacteria
Given the role of HtpG in chaperoning proteins that mediate

interactions with the environment, and the known role of

eukaryotic Hsp90 in phenotypic robustness, we finally examined

whether hsp90A directly co-evolved with certain bacterial organ-

ismal traits. We considered several organismal traits, including

aerobism, thermophilicity, halophilicity, the ability to form

endospores, pathogenicity, motility, and habitat preferences (see

Methods). We used BayesTraits and the Ciccarelli tree to identify

traits that co-evolve with hsp90A. Out of the 11 analyzed traits, 4

exhibited significant associations with hsp90A (p,0.05; Table S5),

with the strongest association observed between hsp90A and the

Figure 4. DhtpG E. coli cells spread less efficiently on soft-agar
plates. Upon equal mixing, WT and DhtpG cells were competed for
8 hours at 34u on the same soft-agar plates, where bacteria spread in a
motility- and chemotaxis-dependent fashion. Samples from the outer
edge of the plate are thus enriched in cells with optimal chemotaxis
and motility, whereas cells from the center are less chemotactic and/or
motile. (A) A representative image of assay plate. (B) Quantitation of
different genotypes as determined by percentage of the YFP-labeled
WT vs. CFP-labeled DhtpG cells at the indicated locations. YFP and CFP
expression was induced by 1 mM IPTG. An essentially identical result
was obtained for the CFP-labeled WT vs. YFP-labeled DhtpG cells (data
not shown), confirming that it is label-independent. Error bars indicate
standard errors from four replicates. Results were similar at 42uC (Table
S3).
doi:10.1371/journal.pgen.1003631.g004
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capacity to inhabit multiple habitats. Moreover, examining the

gain and loss rates obtained, we found that hsp90A is gained and

lost at significantly higher rates in organisms that inhabit multiple

habitats (with no gains inferred in single habitat organisms),

suggesting that a preference for multiple habitats imposes a

different selection regime on hsp90A (Figure 6). We also tested

whether the co-evolutionary dependency between hsp90A and

multiple-habitat preferences was unidirectional, as we observed for

some hsp90A-associated genes. Comparing the four co-evolution-

ary models described above and applying AIC to identify the best-

fitting model, we found that hsp90A gain and loss depended on

habitat preference, but not vice versa. This observation suggests

that in organisms inhabiting multiple environments hsp90A is

subjected to dynamically shifting selective pressures, potentially

alternating between selection for and against hsp90A.

Discussion

We set out to discover Hsp90 functions conserved throughout

the bacterial tree of life. We found that hsp90A, the most common

paralog of bacterial Hsp90, bore strong signatures of co-evolution

with several hundred genes and with specific life history traits,

shedding light on its function and impact on evolutionary history.

Most notably, we found that hsp90A co-evolved with membrane

protein complexes such as flagella and other Type III secretion

(T3S) systems. Our results suggest that Hsp90’s role in sensing and

responding to environmental stimuli is conserved between bacteria

and eukaryotes.

Similar to verified eukaryotic Hsp90 clients [5], our predicted

putative Hsp90A clients were a diverse group of proteins (e.g. the

flagella protein FliN, the chaperone ClpA, and the ribosomal

protein RluB; see Table 2) that tended to belong to specific

functional categories (e.g. flagellar proteins, chaperones, and

ribosomal components). As our methods can only infer associa-

tions between genes that are frequently gained and lost, we may

substantially underestimate the number of hsp90A-associated genes

and clients. However, the non-essentiality and frequent loss of

hsp90A throughout bacterial diversity argues that genes not

captured in our analysis (since they are not frequently gained

Figure 5. Growth-stage-dependent interaction of HtpG with FliN and CheA. (A) Efficiency of FRET between HtpG-YFP or HtpG(E34A)-YFP
and FliN-CFP or CFP-CheA as a function of growth stage (indicated by OD600 value), measured by acceptor photobleaching in wild-type cells
(Methods). Error bars indicate standard errors from three replicates. For these assays, a truncated form of CheA lacking the first 97 amino acids
(CheAs) was used because this fusion was more stable against spontaneous proteolysis than the fusion to full-length CheA, but showed similar
interaction with HtpG (Table S4) (B) Growth-stage dependence of motility in cultures used for FRET measurements in (A), assayed as a percentage of
motile cells The onset of cell motility is substantially delayed in cells expressing HtpG(E34A). Error bars indicate standard errors from three replicates.
doi:10.1371/journal.pgen.1003631.g005

Figure 6. Habitat preference affects the gain and loss of hsp90A
in bacteria. Rates of gain and loss of hsp90A throughout bacterial
evolution with relation to multiple habitat preference. Standard
deviation across 100 runs was smaller than 0.001 in all cases.
doi:10.1371/journal.pgen.1003631.g006
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and lost) are unlikely to be strongly dependent on the chaperone

throughout bacteria.

The subtlety of the bacterial Hsp90 mutant phenotypes that we

(and others) report implies that Hsp90’s role in cellular physiology

has diverged between eukaryotes and prokaryotes [17,45,47]. In

other words, either essential pieces of cellular physiology changed,

or Hsp90 function changed. We favor the first hypothesis, because

Hsp90 is well-conserved among bacteria, archaea, and humans at

the sequence level [13], and retains a similar quaternary structure

[48] and biochemical activity [15,37,44]. In contrast, bacterial and

archaeal cells differ significantly from eukaryotic cells. Eukaryotic

cells have higher cell compartmentalization, longer and multi-

functional proteins with multiple domains [49], and increased

protein interactome complexity [50]. Together with the existence

of many eukaryotic Hsp90 co-chaperones, all these features may

contribute to the greater essentiality of Hsp90 in eukaryotes.

The dependence of HtpG-client interactions upon the DnaK

chaperone system, as observed by us and by others [14,15], argues

that Hsp90A is well-integrated with other chaperone systems. Our

putative clients included ClpA, the substrate adaptor for the

ClpAP/ClpAXP chaperone/protease complexes, and PpiD, a

periplasmic chaperone [51]. Like HtpG, PpiD is necessary for

optimal swarming motility [33], suggesting that it may participate

in flagellar assembly. We speculate that these proteins act as

Hsp90A co-chaperones in some bacteria; alternatively, their

dependence on Hsp90A may represent an example of collaborat-

ing chaperone systems.

The best-characterized Hsp90 client in bacteria is the structural

ribosomal protein L2 [15,18], which is near-universally conserved

throughout life (and hence not detectable by our method). In

addition to L2, other ribosomal proteins were found to interact

with HtpG in large-scale proteomics analyses. In agreement with

these observations, we found the ribosomal proteins RlmE and

RluB among the predicted hsp90A clients.

Although these chaperone and ribosomal proteins were

predicted to be stronger clients than flagellar proteins, our

experimental validation focused on the latter as their client status

was suggested by previous observations [19,33]. We present four

lines of evidence for HtpG client status for the flagellar protein

FliN and the chemoreceptor kinase CheA, including direct

interactions with HtpG, physiologically relevant timing of HtpG-

FliN/CheA interactions, phenotypic consequences of reduced

HtpG function in CheA/FliN-dependent traits, and dependence

of CheA/FliN interactions with HtpG upon the Hsp40-Hsp70

pathway. The identification of FliN and CheA as HtpG clients is

consistent with the hypothesis that bacterial Hsp90 facilitates the

assembly of large membrane-associated protein complexes

[17,45].

Curiously, whereas the flagellar T3S system contained Hsp90A

clients, the nonflagellar T3S system is predicted to have an

antagonistic relationship with Hsp90A. Nonflagellar T3S systems

and the flagellar T3S systems are closely related (NF-T3SS and F-

T3SS) [52,53]. 9 NF-T3SS components are directly homologous

to flagellar components, of which 8 were found to co-evolve with

hsp90A in our analysis. Yet, these 8 genes are predicted to co-

evolve antagonistically with hsp90A (Figure 3), whereas their

flagellar homologs are mostly predicted to be clients (for instance,

the fliI and yscN genes shown in Figure 2 are homologous). This

result suggests that some relationship with Hsp90A is conserved

between the two T3S systems, but with apparently opposite effects

in each system. This result may reflect the fact that each of these

systems is an adaptation to different ecological challenges.

Specifically, we have shown that Hsp90A is important for

flagellum-enabled motility and chemotaxis in E. coli. This mode

of motility is strongly adaptive in certain physical environments

[34,54,55], and thus Hsp90A is likely to be associated with fitness

in these environments through flagellar assembly. The presence of

NF-T3SS is likewise an adaptation to certain biotic environments

[55,56]. Our observation that organisms inhabiting multiple

habitats experience fluctuating selection for hsp90A is also

consistent with competing selection pressures. Representative

genes of these homologous T3S families were not significantly

associated with habitat preferences, arguing that hsp90A’s associ-

ation with habitat preferences is not a byproduct of associations

with T3S systems. Nonetheless, we suggest that these two T3S

systems constitute a link between Hsp90A and phenotypic

robustness across different environments.

Inferring function from evolutionary associations has some

caveats. For instance, F-T3S systems can be found in genomes that

lack hsp90A. If F-T3S systems include Hsp90A clients, then what

may render Hsp90A-dependent stabilization dispensable in some

bacteria? Experimental validation will be necessary to answer such

questions, and to distinguish true client relationships from indirect

co-evolutionary associations. As discussed before, our method is

subject to gene set bias, in that only genes that are gained and/or

lost frequently will have enough statistical power to reject the null

hypothesis. Similarly, as our method assumes that relationships are

maintained throughout the analyzed phylogeny, we cannot

reliably detect genes that are associated with hsp90A in some

organisms but not in others.

Although much work remains to articulate the precise

mechanistic relationships between hsp90A and its co-evolving

genes, our results highlight the tremendous potential of evolution-

ary inference for guiding experimental research. More generally,

our study provides a successful example of how evolutionary

perspectives and phylogenetic analyses can inform and advance

the study of complex biological systems and the inference of elusive

biological functions.

Methods

Prokaryotic Hsp90 paralogs
We downloaded all Hsp90 amino acid sequences (including all

paralogs) for bacteria with full KEGG genome annotations from

the KEGG database [24,57]. We aligned these sequences using

ClustalO [58], and used the PHYLIP package [59] to construct

neighbor-joining trees and assess their phylogenetic support

through bootstrapping. We assigned Hsp90 families to branches

according to bootstrap support for the branch and previous

classifications [11,12].

Genome data
We acquired presence/absence patterns of genes across

organisms from the KEGG database release 60.0 (in the form of

KEGG Orthology/KO profiles) [57], and functional annotations

from KEGG Class. Genes that were either present in fewer than

five species or absent in fewer than five species in the tree of

interest were dropped from our analysis, as these genes are

unlikely to show meaningful signatures of co-evolution by this

method.

Phylogenetic trees
We obtained the tree constructed by Ciccarelli et al. (Ciccarelli

tree) [29] and pruned it to 148 bacterial species for which KEGG

genome data was available. We also obtained the LTP104 version

of the 16S/23S rRNA tree from the All-Species Living Tree

Project (Yarza tree) [30,60]. We used ARB [61] to prune this tree

to bacterial species for which KEGG genome data was available.
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We further pruned this tree to omit clades placed paraphyletically

at the taxonomic levels of phylum, class, order, and family. This

filtered tree included 797 bacterial species. As BayesTraits cannot

process trees with zero-length branches, all branch lengths equal to

zero were replaced with a negligible branch length (0.00001,

approximately an order of magnitude smaller than the next

smallest branch length in each tree).

Organismal trait data
We acquired organismal trait data from the NCBI Entrez

genome project, November 2011 [62]. We recoded all traits into

presence/absence patterns for the trait in question. For instance,

an organism found to be pathogenic towards any other organism

was coded as ‘1’ for the trait of pathogenicity, whereas an

annotated organism that was never found to be pathogenic was

coded as ‘0’. Similarly, we coded both thermophilic and

hyperthermophilic organisms as ‘1’ for the trait of thermophilicity,

whereas all other annotated organisms were coded as ‘0’;

anaerobic organisms were coded as ‘0’ for the trait of aerobicity,

whereas all other annotated organisms were recoded as ‘1’. We

define as inhabiting multiple habitats any organism that inhabits

more than one of NCBI’s habitat categories. For BayesTraits

analysis, the tree was pruned to include only species annotated for

the trait in question (each trait analysis was accordingly performed

on a slightly different set of species; see Table S5 for details on

species number for each analysis).

Detecting evolutionary associations with BayesTraits
A complete description of the BayesTraits (v1.0) framework

can be found elsewhere [26]. Briefly, consider a character with 2

states, 0 and 1. If a species has 2 such distinct characters, it can

occupy 4 possible states: 1:(0,0), 2:(0,1), 3:(1,0), and 4:(1,1).

Specifically, if these 2 characters represent the presence or

absence of two genes, hsp90A and gene X, these four states

correspond to (hsp90A2, X2), (hsp90A+, X2), (hsp90A2, X+),

and (hsp90A+, X+). Evolution is then the process by which these

genes are gained and lost over time. Consider accordingly an

evolutionary process where only one character can change state

at a time. Such a process can then be described by 8 parameters

for the rates of transition per unit time between these 4 states:

Q = [q12, q13, q21, q31, q24, q34, q42, q43], where qxy is the rate

of transition from state x to state y. BayesTraits implements this

model of evolution as a continuous-time Markov process and

estimates each of these rate parameters by maximum-likelihood

(ML). We further validated that these ML-based rates are

consistent with reversible-jump Markov chain Monte Carlo-

derived estimates (Methods; Text S1). This estimation is based on

a phylogeny and on the states of the two characters at the tips of

the phylogeny. Having estimated these rates, BayesTraits

additionally calculates the likelihood of the model based on the

character states at the tips of the phylogeny.

We can further compare different models of evolution by

forcing certain parameters to be equal. We specifically considered

the following 4 models:

1) hsp90A and X are independent (Q: q12 = q34, q21 = q43,

q13 = q24, q31 = q42; 4 parameters total)

2) hsp90A and X are mutually dependent (No parameter

restrictions; 8 parameters total)

3) X depends on hsp90A but not vice versa (Q: q12 = q34,

q21 = q43; 6 parameters total)

4) hsp90A depends on X but not vice versa (Q: q13 = q24,

q31 = q42; 6 parameters total)

Identifying hsp90A-associated genes
We used discrete from the BayesTraits package [26–28] to infer

associations between hsp90A and other bacterial genes and

between hsp90A and various organismal traits. We first tested for

an evolutionary association with hsp90A by comparing model 1 to

model 2 above with a likelihood ratio test (LRT), as previously

described [28]. In our likelihood-ratio tests, the 2Log(LR)

approximates a x2 test statistic for rejecting the independent

model as a null hypothesis, and is calculated as twice the difference

of the log-likelihoods of a co-evolutionary model and a model of

evolutionary independence. The set of genes for which model 2 is

preferred (i.e., model 1 is rejected as a null hypothesis) have an

evolutionary association with hsp90A. Since different runs of the

BayesTraits maximum likelihood method can potentially produce

different parameter values, we repeated this procedure 100 times,

each potentially resulting in a different gene set. We validated that

these sets are similar and the choice of gene set does not

substantially affect downstream analysis (Text S1). Any gene that

was found to be associated with hsp90A in at least 90 runs was

defined as hsp90A-associated gene. See Text S1 for more details.

Reversible-jump Markov chain Monte Carlo analysis
We selected 10 genes at random from the hsp90A-associated set

and used the BayesTraits implementation of reversible-jump

Markov chain Monte Carlo to estimate the rate parameters for

their gain and loss in concert with hsp90A [63]. For each of these

10 genes, we used an exponential rate prior with mean and

variance equal to 30, and ran the chain for 150 million iterations

while sampling every 100 iterations. We discarded the first 75

million iterations as burn-in and used the remaining iterations as a

posterior distribution of rate parameter estimates. We used Tracer

v1.5 [64] and previously described criteria to evaluate chain

convergence in this remaining sample [65]. For each rate, we used

the median of its posterior distribution in this sample as a point

estimate.

Co-evolutionary model selection
To provide an accurate description of the co-evolutionary

dynamics of hsp90A-associated genes, we further applied Bayes-

Traits to these genes, estimating the likelihood of each of the four

models described above. We identified the best fit model for each

gene using the Akaike Information Criterion (AIC) [31], taking

into account both the likelihood score and the number of

parameters in each model. We again repeated this procedure

100 times and classified a gene into a specific co-evolutionary

model only if it fit this same model in at least 90 runs (see Text S1

for more details). This two stage scheme, first identifying

associated genes and then selecting a model that best describes

their evolutionary relationship with hsp90A, provides a more

stringent test of co-evolution and supports a simple approach for

multiple testing correction.

Prediction of Hsp90A clients in bacteria
We used BayesTraits-derived evolutionary transition rates

under the fully unrestricted model to estimate residence times in

specific states (for instance, the proportion of time spent by

bacteria in a state where both hsp90A and some other gene are

present, vs. the time when only the other gene is present) under

steady state dynamics. For a given gene, the probability of being in

one of the four states, A: (hsp90A absent, Gene absent), B: (hsp90A

present, Gene absent), C: (hsp90A absent, Gene present), D:

(hsp90A present, Gene present) at a very small increment of time Dt

after time t is given by:
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AtzDt~At� q12zq13ð Þ �AtDt

z q21 � Btð ÞDtz q31 � Ctð ÞDt

z 0 �Dtð ÞDt

BtzDt~Btz q12 �Atð ÞDt� q21zq24ð Þ

� BtDtz 0 � Ctð ÞDtz q42 �Dtð ÞDt

CtzDt~Ctz q13 �Atð ÞDtz 0 � Btð ÞDt

� q31zq34ð Þ � CtDtz q43 �Dtð ÞDt

DtzDt~Dtz 0 �Atð ÞDtz q24 � Btð ÞDt

z q34 � Ctð ÞDt� q43zq42ð Þ �DtDt

We can differentiate this to obtain the instantaneous change in

each probability:

dA=dt~ q12zq13ð Þ �A0z q21 � B0ð Þz q31 � C0ð Þz 0 �D0ð Þ

dB=dt~ q12 �A0ð Þ- q21zq24ð Þ � B0z 0 � C0ð Þz q42 �D0ð Þ

dC=dt~ q13 �A0ð Þz 0 � B0ð Þ- q31zq34ð Þ � C0z q43 �D0ð Þ

dD=dt~ 0 �A0ð Þz q24 � B0ð Þz q34 � C0ð Þ- q43zq42ð Þ �D0

At steady state dA/dt = 0, dB/dt = 0, etc., and therefore:

0~- q12zq13ð ÞAzq21Bzq31Cz0

0~q12A- q21zq24ð ÞBz0zq42D

0~q13Az0- q31zq34ð ÞCzq43D

0~0zq24Bzq34C- q42zq43ð ÞD

This set of linear equations can be solved for A, B, C, and D, with

the requirement that A+B+C+D = 1. We replaced 0 rates with the

smallest nonzero rate in the model multiplied by 0.001 to allow

transitions between all states. The positive nonzero solution for A,

B, C, and D can then be conceived as the expected residence times

along some arbitrary bacterial lineage. We used these residence

times to estimate a Putative Client Index, PCI, denoting the

normalized residence time in state C:

PCI geneð Þ~C= CzDð Þ AzCð Þ½ �

~Pr gene~present\hsp90A~absentð Þ

= Pr gene~presentð Þ � Pr hsp90A~absentð Þ½ �

Notably, if Hsp90A and the gene’s product have no client

relationship, the proportion of time spent in state C is expected to

be equal to (C+D)(A+C), so a PCI close to 1 indicates that the

observation does not differ from the expectation. Smaller values of

PCI therefore indicate that a gene is observed less frequently than

expected without hsp90A, and is thus more likely to be a client.

Since no obvious threshold value can be defined, we considered

the 20 genes with the lowest PCI values as putative clients (Figure 3

and Table 2; Methods). To account for variation in rates between

BayesTraits runs we repeated this procedure 100 times and

defined as putative clients those that were identified as clients in at

least 90 of these runs (see Text S1). PCI scores shown in Table 2

and Figure 3 are averages across all runs.

Functional enrichment analysis
We used a hypergeometric test to assess whether each KEGG

Class functional annotation is overrepresented in the various

Hsp90-associated gene sets. As a background set in each case we

used the entire set of genes analyzed. Any annotation present in

less than 4 copies in the background set was not considered. We

accepted enrichments at a 5% FDR.

E. coli strains and growth assays
Escherichia coli K-12 strains and plasmids used in this study are listed

in Table S2. Cells were grown in tryptone broth (TB; 1% tryptone and

0.5% NaCl) and when necessary supplemented with ampicillin,

chloramphenicol and/or kanamycin at final concentrations of 100, 35

and 50 mg/ml, respectively. Overnight cultures, grown at 30uC, were

diluted 1:100 and grown at 34uC for about 4 h, to an OD600 of 0.45–

0.5. All expression constructs for YFP and CFP fusions were

constructed as described previously [19,66,67]. Induction levels for

protein expression were 1 mM IPTG (pHL24, pHL35, pVS129 and

pVS132), 20 mM IPTG (pVS64 and pVS99), 25 mM IPTG (pDK36,

pDK90 and pDK91), 50 mM IPTG (pDK19 and pVS18), 0.005%

arabinose (pHL13, pVS108 and pVS109) and 0.01% arabinose

(pHL52, pHL70, pDK14, pDK29, pDK30 and pDK49). Cells were

harvested by centrifugation (4,000 rpm, 5 min), washed once with

tethering buffer (10 mM potassium phosphate, 0.1 mM EDTA,

1 mM L-methionine, 67 mM sodium chloride, 10 mM sodium

lactate, pH 7) and resuspended in 10 mL tethering buffer prior to

FRET measurements.

TB soft agar plates were prepared by supplementing TB with 0.3%

agar (Applichem) and when necessary with 100 g/mL ampicillin and

1 mM IPTG. Equal amounts of cells from different overnight cultures,

adjusted depending on their optical density to the equivalent of 2.5 ml

of culture with OD600 of 2.0, were inoculated and allowed to spread at

indicated temperatures for indicated times. Following incubation,

photographs of plates were taken with a Canon EOS 300D (DS6041)

camera. Images were analyzed with ImageJ (Wayne Rasband, NIH,

http://rsb.info.nih.gov/ij/) to determine the diameter of the rings of

spreading colonies.

For analysis of motility at different growth stages (indicated by

OD600 value), percentages of motile cells were estimated from the

microscopy movies of swimming cells. The experiment was

performed with the RP437 strain, which is non-motile above

37uC. Cells were grown overnight in TB medium at 37uC to

completely inhibit their motility. After dilution in fresh TB medium

to OD600 0.01, cells were grown at 34uC for measurements.

Fluorescence imaging
For microscopy, cells were taken from the soft-agar plates and

applied to a thin agarose pad (1% agarose in tethering buffer).

Fluorescence imaging was performed on a Zeiss AxioImager

microscope equipped with an ORCA AG CCD camera

Evolutionary Inference of Bacterial Hsp90 Function

PLOS Genetics | www.plosgenetics.org 10 July 2013 | Volume 9 | Issue 7 | e1003631



(Hamamatsu), a 1006NA 1.45 objective, and HE YFP (Excitation

BP 500/25; Emission BP 535/30) and HE CFP (Excitation BP

436/25; Emission BP 480/40) filter sets. Each imaging experiment

was performed in duplicate on independent cultures. All images

were acquired under identical conditions. Images were subse-

quently analysed using ImageJ software.

Acceptor photobleaching FRET measurement
FRET measurements by acceptor photobleaching were performed

on a custom-modified Zeiss Axiovert 200 microscope as described

before [66]. Briefly, cells expressing YFP and CFP fusions of interest

were concentrated about tenfold by centrifugation, resuspended in

tethering buffer and applied to a thin agarose pad (1% agarose in

tethering buffer). Excitation light from a 75 XBO lamp, attenuated by

a ND60 (0.2) neutral-density filter, passed through a band-pass (BP)

436/20 filter and a 495DCSP dichroic mirror and was reflected on the

specimen by a Z440/532 dual-band beamsplitter (transmission 465–

500 and 550–640 nm; reflection 425–445 and 532 nm). Bleaching of

YFP was accomplished by a 20 sec illumination with a 532 nm diode

laser (Rapp OptoElectronic), reflected by the 495DCSP dichroic

mirror into the light path. Emission from the field of view, which was

narrowed with a diaphragm to the area bleached by the laser, passed

through a BP 485/40 filter onto a H7421-40 photon counter

(Hamamatsu). For each measurement point, photons were counted

over 0.5 s using a counter function of the PCI-6034E board, controlled

by a custom-written LabView 7.1 program (both from National

Instruments). CFP emission was recorded before and after bleaching of

YFP, and FRET was calculated as the CFP signal increase divided by

the total signal after bleaching. DflhC strains were used to define direct

interactions between HtpG and flagellar and chemotaxis components.

In this background expression of endogenous flagellar and chemotaxis

genes is inhibited, thus eliminating indirect interactions that may result

from concomitant binding of HtpG and tested protein to a third

flagellar or chemotaxis protein.

Supporting Information

Dataset S1 hsp90A-associated genes and relevant information.

(XLS)

Figure S1 Phylogenetic clustering of bacterial hsp90 paralogs. (A)

Neighbor-joining phylogeny of 897 bacterial Hsp90 amino acid

sequences. Groups Hsp90A, Hsp90B, and Hsp90C as defined by

Chen et al. [11] are illustrated. (B) Consensus neighbor-joining tree

for 100 bootstraps with clades collapsed to highlight deep branch

structure. Bootstrap support for each branch is displayed and is

also reflected by the branch lengths. One species (ZIN,

representing Hsp90 from the organism Candidatus Zinderia insecticola

CARI), never grouped within the other divisions shown, and was

excluded from our analysis. The branch separating Hsp90B and

Hsp90C from the Hsp90A clades is present in 99/100 bootstrap

trees. (C) Hsp90A, B, and C presence/absence patterns mapped

onto a 16S/23S rRNA phylogeny of 797 bacterial species [30] (see

Text S1). Branch lengths are ignored for ease of display.

(TIF)

Figure S2 Co-evolutionary gain and loss rates of all hsp90A-

associated flagellar genes. The layout of each diagram is similar to

that used in Figure 2.

(TIF)

Figure S3 Co-evolutionary gain and loss rates of all hsp90A-

associated secretion genes. The layout of each diagram is similar to

that used in Figure 2.

(TIF)

Figure S4 Box plots of the rates of gain and loss of all hsp90A-

associated secretion genes (n = 16). See also Figure 2D.

(TIF)

Figure S5 The htpG(E34A) mutant strain shows decreased

motility/chemotaxis. (A) Plates were inoculated with the same

amount of wild-type MG1655 (top), the DhtpG mutant (bottom left)

and the htpG(E34A) mutant (bottom right) cells and incubated at

indicated temperatures for 6 hr. (B) Relative motility of DhtpG and

htpG(E34A) mutants, compared to wild type, at indicated

temperatures, quantified by the diameter of the outer rings of

spreading colonies. Error bars indicate standard errors from two

replicates.

(TIF)

Figure S6 HtpG interactions with FliN and CheA are

dependent on the DnaJ/CbpA/DnaK chaperone system. Accep-

tor photobleaching FRET was measured between HtpG and FliN

(A) or CheA (B). In each panel, HtpG(E34A) (top row) and wild-

type HtpG (bottom row) were assayed, and experiments were

performed in both WT (left column) and DdnaJDcbpA (right

column) backgrounds. Y-axes are normalized in each case to the

mean CFP signal before bleaching (first 45 s). Photobleaching

begins at ,50 s and lasts for 20 s (indicated by black bar). FRET

interaction is indicated by a post-photobleaching increase in CFP

signal above pre-photobleaching CFP signal (as observed in all

experiments in the WT background).

(TIF)

Table S1 Comparable results in Ciccarelli and Yarza trees

across FDR thresholds.

(DOC)

Table S2 E. coli strains and plasmids used in this study.

(DOC)

Table S3 Spreading of wild-type and DhtpG cells in soft-agar

assays at 34uC and 42uC.

(DOC)

Table S4 Acceptor photobleaching FRET interactions of

chemotaxis components with HtpG(E34A).

(DOC)

Table S5 hsp90A presence and absence is associated with

organismal traits in bacteria.

(DOC)

Text S1 Additional details on Hsp90 paralog distribution,

consistency of BayesTraits runs, and robustness of co-evolutionary

associations to choice of phylogeny.

(DOC)
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