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ABSTRACT Borrelia burgdorferi responds to a variety of host-derived factors and ap-
propriately alters its gene expression for adaptation under different host-specific
conditions. We previously showed that various levels of acetate, a short-chain fatty
acid (SCFA), altered the protein profile of B. burgdorferi. In this study, we determined
the effects of other physiologically relevant SCFAs in the regulation of metabolic/
virulence-associated proteins using mutant borrelial strains. No apparent increase in
the synthesis of outer surface protein C (OspC) was noted when a carbon storage
regulator A (csrA of B. burgdorferi, or csrABb) mutant (mt) was propagated within di-
alysis membrane chambers implanted within rat peritoneal cavity, while the parental
wild type (wt; B31-A3 strain) and csrABb cis-complemented strain (ct) had increased
OspC with a reciprocal reduction in OspA levels. Growth rates of wt, mt, ct, 7D
(csrABb mutant lacking 7 amino acids at the C terminus), and 8S (csrABb with site-
specific changes altering its RNA-binding properties) borrelial strains were similar in
the presence of acetate. Increased levels of propionate and butyrate reduced the
growth rates of all strains tested, with mt and 8S exhibiting profound growth defi-
cits at higher concentrations of propionate. Transcriptional levels of rpoS and ospC
were elevated on supplementation of SCFAs compared to those of untreated spiro-
chetes. Immunoblot analysis revealed elevated levels of RpoS, OspC, and DbpA with
increased levels of SCFAs. Physiological levels of SCFAs prevalent in select human
and rodent fluids were synergistic with mammalian host temperature and pH to in-
crease the levels of aforementioned proteins, which could impact the colonization of
B. burgdorferi during the mammalian phase of infection.
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Borrelia burgdorferi, the agent of Lyme disease, is transmitted to vertebrate hosts via
the bite of infected Ixodes scapularis ticks. This spirochetal pathogen adapts to

highly disparate environmental conditions that exist in the tick vector and the verte-
brate hosts by altering its gene expression profile (1–3). B. burgdorferi has limited
metabolic and regulatory capabilities, although it can funnel multiple host-derived
signals in the form of nutrients/metabolites to modulate its host-specific adaptation (4,
5). Previous studies have shown the significance of a variety of signals, such as
temperature (6–8), pH (9), dissolved gases (10, 11), host-specific stressors (12), and
nutrients (13–15), among others, to influence appropriate expression and synthesis of
key borrelial determinants enabling survival and colonization of B. burgdorferi in
different hosts. These signals can, therefore, be modulated to reduce fitness of the
spirochetes and thereby interfere with the pathogen survival in the tick or mammalian
phases of infection. Since levels of these nutrients/signals vary under different host-
specific microenvironments, a greater understanding of how environmental cues are
perceived to alter the physiology and virulence capabilities of B. burgdorferi will add to
our strategies to reduce the pathogen burden in the transmission and reservoir hosts.
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We previously showed that acetate, a short-chain fatty acid (SCFA), is a key nutrient
utilized by B. burgdorferi for its cell wall biogenesis and to modulate its gene expression
profile, favoring adaptation to the vertebrate host (16). Increased levels of acetate
consistently induced RpoS and rpoS-regulated lipoproteins, such as outer surface
protein C (OspC), decorin binding protein A (DbpA), and the fibronectin binding
protein, BBK32. A reduction in the levels of RpoS and rpoS-regulated lipoproteins was
observed when BBA34, encoding oligopeptide permease AV (OppAV), which is induced
on shifting the spirochetes to conditions mimicking those of the tick midgut after a
blood meal, was deleted (17). However, the oppAV mutant was capable of surviving in
the C3H/HeN mice up to 14 days, suggesting that additional host-derived signals can
facilitate initial stages of adaptation to the vertebrate host, although the phenotype of
this mutant following long-term infection in the mouse models of Lyme disease
remains to be determined (17). When the oppAV mutant was propagated with increas-
ing concentrations of acetate, RpoS and rpoS-regulated proteins were synthesized at
levels similar to those of the parental strain (17). These observations demonstrated that
acetate is a key signaling molecule and that the formation of acetyl-phosphate due to
the actions of the enzyme acetate kinase (AckA) serves as an essential substrate for the
mevalonate pathway critical for the biogenesis of the cell wall of B. burgdorferi (16, 18).
Recently, it has been shown that SCFAs act as weak acids that influence pH-dependent
gene expression in B. burgdorferi (19).

Additional studies from our laboratory focused on the regulation of the enzyme
immediately downstream of AckA in the mevalonate pathway, namely, phosphate
acetyltransferase (Pta) (16, 20–22). We deleted an RNA-binding protein, termed carbon
storage regulator A of Borrelia burgdorferi (CsrABb), and observed that RpoS and
rpoS-regulated proteins were downregulated in the csrABb mutant (21). The csrABb

mutant was shown to be incapable of colonization of C3H/HeN mice (22–24), although
a recent study showed that the csrABb mutant was capable of colonization of C3H/HeN
mice (25). Previous studies suggested that signals and growth conditions regulating the
levels of specific mRNAs wholly or partly regulated by CsrABb play a role in the
phenotype of the csrABb mutant. These results also revealed the effects of CsrABb in
regulating the translational levels of mRNA with known or putative CsrABb-binding sites
and in modulating the overall metabolic and virulence-related fitness of the spirochetes
during different phases of infection (22). Additional in vitro studies using the csrABb

mutant propagated under conditions mimicking those of the fed ticks revealed that a
reduction in the levels of select virulence-related proteins, such as OspC, DbpA, and
BBK32, among others, presumably impacted the colonization of the csrABb mutant in a
mammalian host. It is critical to point out that the in vitro and in vivo phenotype of B.
burgdorferi is reflected in its growth conditions that result in variable levels of mRNA
specifically bound by CsrABb.

Previously, we showed that external nutrients/signals and key residues of CsrABb

contribute to the phenotypic effects by influencing both the levels of target mRNA and
avidity/affinity of binding to CsrABb binding domains present in these transcripts (22).
Replacement of 8 critical residues of CsrABb (8S) with alanines and deletion of 7 residues
that are unique to spirochetal homologs of CsrABb (7D) resulted in mutants that
provided insights into the role of specific residues critical for the functions of CsrABb,
notably in regulating a key enzyme (Pta) of the mevalonate pathway (16). While the 8S
strain produced CsrABb that was stable and bound the 5=-untranslated region (UTR) of
mRNA of pta avidly, the 7D strain had a phenotype very similar to that of the csrABb

mutant. By regulating the translational levels of Pta, CsrABb contributes to the flux of
acetyl-phosphate and acetyl-coenzyme A (CoA), which are essential for cell wall bio-
genesis (22). Mutants lacking ackA and pta were rescued with exogenous addition of
mevalonate, suggesting the relevance of the substrates generated by these enzymes in
cell wall biogenesis (18). However, acetyl-phosphate, the substrate generated via AckA,
appears to be a minor high-energy phospho-substrate contributing to the activation of
the response regulatory protein 2 (Rrp2), the response regulator of a two-component
regulatory system, involved in modulating the mammalian host phase of B. burgdorferi

Lin et al. Infection and Immunity

September 2018 Volume 86 Issue 9 e00217-18 iai.asm.org 2

http://iai.asm.org


infection, although the acetyl-CoA generated from acetyl-phosphate due to the enzy-
matic functions of Pta is critical for the cell wall biogenesis (18). It is also possible that
CsrABb has pleiotropic regulatory effects impacting the levels of translation of many
mRNA species, leading to an adaptive response in B. burgdorferi consistent with the
environmental cues encountered under different host-specific conditions (18, 26).

We further examined the effect of additional SCFAs, such as propionate and
butyrate, on the adaptive capabilities of B. burgdorferi to build on our previous findings
on the role of acetate in modulating both the key enzymes of the mevalonate pathway
and the levels of virulence-associated antigens of B. burgdorferi. Bioinformatic analysis
of the genome of B. burgdorferi revealed no apparent homologs of propionate and
butyrate kinases, while there are instances of a single acetate kinase using propionate
and butyrate as alternative substrates (27–30), suggesting the AckA homolog of B.
burgdorferi undertakes the phosphorylation of both of these substrates. Moreover,
these SCFAs can function as weak acids contributing to the acid stress response of B.
burgdorferi (19). Although a large body of information is available on the role of gut
microbiota in contributing to serum levels of acetate, propionate, and butyrate in
various mammalian hosts, the significance of the levels of these SCFAs in the dissem-
ination and colonization of a vector-borne pathogen such as B. burgdorferi is unclear.

We therefore initiated studies to determine the role of SCFAs on the pathophysio-
logical responses of B. burgdorferi. We focused on defining the effects of different
concentrations of SCFAs under a single temperature and pH condition (pH 7.6 and
32°C), where the levels of RpoS and rpoS-inducible genes are minimal to dissociate the
contributions of SCFAs in modulating the transcriptional and translational levels of
different metabolic/virulence-related genes of B. burgdorferi. The effect of SCFAs on
mutants either lacking csrABb or with site-specific alterations in key residues within
CsrABb were also used in this study. In addition, the combined effect of the physiolog-
ical levels of SCFAs prevalent in select biological fluids from humans and rodents at
mammalian temperature and pH was also explored using the parental strain. The
findings from these studies underscore the importance of host-derived nutrients/
signals and reveal the role of SCFAs in influencing the levels of molecular determinants
critical for the colonization of B. burgdorferi, notably in the reservoir hosts and during
its transmission to and from the tick vector. These studies also provide avenues to
explore the influence of pathogen metabolism on the pathogenesis of Lyme disease.

RESULTS
Reduced levels of OspC in csrABb mutant following mammalian host adapta-

tion. We implanted dialysis membrane chambers (DMCs) containing wt, csrABb mt, or
ct strains within the rat peritoneal cavity and compared the protein profiles of mam-
malian host-adapted spirochetes with that of in vitro-cultivated B. burgdorferi at day 11
postimplantation (31, 32). As shown in Fig. 1, OspC levels were not apparent in the
DMC-grown csrABb mutant (Fig. 1, mt, lane 2) compared to those of wt and ct strains
(Fig. 1, wt, ct, lane 2). Moreover, OspA was apparent in the in vitro-propagated
spirochetes (Fig. 1, wt, mt, and ct, lane 1) and was not apparent in the DMC-grown
spirochetes, indicating OspA to OspC switch following adaptation to a mammalian
host. Reduced levels of OspC induction in csrABb mutant were previously observed
following propagation under in vitro conditions mimicking fed ticks (pH 6.8 and 37°C)
and presumably contribute to lack of infectivity of the csrABb mutant in C3H/HeN mice
(21, 22). It is also possible that the levels of translational products from several mRNA
species recognized by CsrABb via its RNA-binding domain contribute to the phenotypic
response following mammalian host adaptation of the csrABb mutant.

Growth rates of borrelial strains in the presence of SCFAs. We propagated
several borrelial mutants in the presence of various concentrations of SCFA at pH 7.6
and 32°C to minimize the effects of pH and temperature and prevent other signals from
compounding the effects of SCFA on the growth, transcriptional, and translational
levels of Lyme spirochetes (20, 33). We found that all the borrelial strains tested had a
reduced growth rate at 90 mM acetate compared to growth at a lower concentration
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of acetate at 156 h (Fig. 2 and 3A). Sodium propionate at 90 mM concentration had the
most drastic impact on the growth of all borrelial strains tested compared to untreated
spirochetes, with the 7D strain exhibiting a significant growth deficit even at 60 mM
concentration (Fig. 3B). Moreover, a more pronounced growth deficit was observed
with csrABb mt and 8S strains in the presence 90 mM propionate, and the spirochetes
were unable to grow past 96 h to be processed for transcriptional and translational
analysis (Fig. 2 and 3B; see also Fig. 5). A drastic difference was noted in the growth rate
of all strains in the presence of 90 mM butyrate compared to growth in control medium
(Fig. 2 and 3C), although the csrABb mutant was unaffected at 60 mM sodium butyrate
(Fig. 2C). Among all SCFAs, increased concentrations of propionate reduced growth
rates of all B. burgdorferi strains tested, suggesting that increased levels of propionate
serve to reduce the metabolic and growth phenotypes of the spirochetes. It should be
pointed out that the effects of SCFAs were tested under laboratory growth conditions
(pH 7.6 and 32°C), where these borrelial strains had maximal growth rates, and in the
presence of antibiotics, consistent with the resistance markers used initially to derive
these strains. Statistical analysis was done to compare the growth rates between
untreated and treated samples. Significant differences (P value of �0.001) in growth
rates were noted in the wt (i) from 108 h with 60 mM and 90 mM but not with 30 mM
sodium acetate (Fig. 2A); (ii) from 108 h with all concentrations of sodium propionate,
while the growth rates were less significant (P value of �0.01) at 96 h with 60 and 90
mM sodium propionate (Fig. 2B); and (iii) from 108 to 156 h with 60 and 90 mM sodium
butyrate (Fig. 2C). Growth rates were less significant (P value of �0.01) from 108 to 120
h but were highly significant at later time intervals (P value of �0.001, 132 to 156 h)
with 30 mM sodium butyrate. Statistical analysis revealed significant differences (P �

0.001) in growth rates of mt (i) from 132, 120, and 108 h with 30, 60, and 90 mM sodium
acetate, respectively (Fig. 2A); (ii) from 108 h with different concentrations of sodium
propionate, while growth rates were less significant (P value of �0.01) at 96 h for 60
mM and 90 mM sodium propionate (Fig. 2B); and (iii) from 132 h, 120 h, and 108 h with
30, 60 and 90 mM sodium butyrate, respectively (Fig. 2C). Significant differences were
observed in the growth rates of the ct strain (P value of �0.001) from 120 h with 30,
60, and 90 mM sodium acetate (Fig. 2A), sodium propionate (Fig. 2B), and sodium
butyrate (Fig. 2C) compared to those of untreated samples. Significant differences (P
value of �0.001) were also observed in growth rates of 7D strain at 96 h for the highest
concentration (90 mM) of each SCFA-treated group (Fig. 3A, B, and C). Growth rates
were significantly different, with a P value of �0.001 at 156 h for all treated samples.
Significant differences (P value of �0.001) in growth rates were noted with 8S strain at
96 h for sodium acetate (90 mM) and at 84 h for both sodium propionate and butyrate
(Fig. 3A, B, and C). Growth rates were significantly different, with a P value of �0.001
at 156 h for all treated samples compared to untreated samples.

FIG 1 Mammalian host adaptation of csrABb mutant. Total protein profile of lysates from wild-type (wt),
csrABb mutant 1 (mt), and cis-complemented (ct) strains propagated under in vitro conditions (lane 1)
compared to strains grown within dialysis membrane chambers (DMCs) implanted in rat peritonea (lane
2). Proteins were separated on 4 to 20% gradient SDS-PAGE gel and visualized by silver stain. Molecular
weight markers (MW; in kDa) are indicated to the left.
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Transcriptional levels of select borrelial determinants in response to SCFAs. We
performed transcriptional analysis on a select set of genes (rpoS, flaB, and ospC) using
cDNA generated from wt, csrABb mt, ct, and 8S strains propagated at 0, 30, 60, and 90
mM acetate (Fig. 4), propionate (Fig. 5), and butyrate (Fig. 6). Compared to other strains,
the ospC levels were lower for the csrABb and 7D mutant strains at 30, 60, and 90 mM
acetate (Fig. 4). The transcriptional levels of rpoS were relatively comparable in all
strains, although the 8S strain had higher levels at 60 mM acetate. The transcriptional
levels of flaB were lower with higher concentrations of acetate in all strains, and the
differences were significant in the 7D strain. The most significant increase in the
transcriptional levels of rpoS and ospC were observed when the different strains were
propagated in the presence of increasing concentrations of propionate (Fig. 5). There
was no reliable isolation of mRNA from mt and 8S strains due to low numbers of
spirochetes that were viable when propagated at 90 mM propionate, hence there are
no transcriptional data for these two strains (Fig. 5, mt and 8S). However, there was
maximal expression of ospC in wt and ct strains at 90 mM propionate. This suggested
that the metabolic response of B. burgdorferi in the absence (mt) or stable levels (8S) of
CsrABb contribute to increased sensitivity with higher concentrations of propionate in
the growth medium. All strains except 8S had higher levels of ospC at 90 mM
butyrate, even though the wt strain had significantly higher levels of ospC at 60 mM

FIG 2 Effects of SCFA on in vitro growth phenotype of B. burgdorferi B31-A3 (wt), csrABb mutant (mt), and cis-complemented (ct) strains. The borrelial strains
were propagated in medium supplemented with 0, 30, 60, or 90 mM sodium acetate (SA) (A), sodium propionate (SP) (B), or sodium butyrate (SB) (C) at pH
7.6 and 32°C. Motile spirochetes were enumerated every 12 h for a period of 156 h in triplicate by dark microscopy. Statistical significance in growth rates was
determined between untreated and treated spirochetes using a two-way analysis of variance (ANOVA) with � of 95%.
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butyrate (Fig. 6). These transcriptional analyses clearly demonstrate that both rpoS
and ospC are induced in response to supplementation of SCFAs. The transcriptional
levels of rpoS and ospC were reflective of the increased levels of the corresponding
translational products observed using specific antisera for these determinants in im-
munoblot assays, as shown in Fig. 7 to 14. It should be pointed out that all of the
mutant strains were grown in the presence of antibiotics used for their counterselection
(22).

Effects of SCFAs on wild-type B. burgdorferi B31 strain. We have previously
shown the effects of increased levels of acetate on B. burgdorferi strain B31 by
determining the expression/synthesis of several proteins critical for its metabolism and
virulence (16, 34). We initially examined if the supplementation of propionate and
butyrate will have similar effects on the wild-type strain and analyzed the changes in
the wild-type strain supplemented with acetate. As shown previously (16), we were able
to observe increased levels of BosR, RpoS, and several rpoS-regulated proteins, such as
OspC, DbpA, and OppA5, at higher concentrations of acetate (Fig. 7, lane 3, 90 mM).
Compared to the effects of acetate, the levels of BosR, RpoS, and rpoS-regulated
proteins were elevated drastically at 30 mM propionate, suggesting that propionate is
effective at inducing vertebrate host-specific adaptation at a lower concentration (Fig.
8, lane 2, 30 mM). The levels of lactate dehydrogenase (LDH) were also elevated at 30
and 90 mM propionate compared to those of the untreated sample (Fig. 8, lanes 2 and
3, �-LDH). Similar to acetate, the levels of induction of BosR, RpoS, and rpoS-regulated
proteins were elevated in wild-type B. burgdorferi in the presence of butyrate (Fig. 9).
The levels of OspA remained relatively unchanged in spirochetes grown under different
concentrations of SCFAs (Fig. 7, 8, and 9, �-OspA). Moreover, an interesting observation
is the level of a higher form of BosR noted when B31-A3 is propagated at 90 mM each
of the three SCFAs used in this study (Fig. 7, 8, and 9, lane 3, �-BosR). These initial
studies clearly demonstrated that different SCFAs have similar and distinct effects on

FIG 3 Effects of SCFA on in vitro growth phenotype of 7D and 8S strains. Cis-complemented csrABb strains lacking the 7 C-terminal residues (7D) or with 8 critical
residues of CsrABb replaced with alanines (8S) were propagated with 0, 30, 60, or 90 mM sodium acetate (A), sodium propionate (B), or sodium butyrate (C)
at pH 7.6 and 32°C. Motile spirochetes were enumerated every 12 h for a period of 156 h in triplicate by dark microscopy. Statistical significance in growth rates
was determined between untreated and treated spirochetes using a two-way ANOVA with � of 95%.
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the induction of proteins critical for the pathophysiology of B. burgdorferi. We ex-
panded this analysis to include other borrelial mutants, notably one that either lacked
csrABb or carried site-specific alterations in this allele.

Effects of SCFAs on csrABb mutant strains of B. burgdorferi. We performed a
comprehensive analysis of the levels of synthesis of a variety of borrelial proteins by
propagating the wild type (wt), csrABb mutant (mt), cis-complemented strain (ct), and
two additional mutants, 7D (lacking 7 amino acids at the C terminus of CsrABb) and 8S
(with 8 critical amino acids of CsrABb replaced with alanines), under similar growth
conditions in the presence of various SCFAs (Fig. 10 to 14). Since the borrelial growth
medium is complex and relatively undefined, all borrelial strains were propagated using
the same batch of growth medium in the presence of antibiotics, consistent with the
counterselectable markers used to generate the mutants. The spirochetes were har-
vested at less than 5 � 107 cells per ml, minimizing the effects of cell density/pH of the
growth media on the protein profiles of the spirochetes. Increased concentrations of
propionate increased the levels of BosR, RpoS, DbpA, OppA5 (Fig. 10B and 12B), and
OspC (Fig. 10A and 12A) in wt and ct strains. Although the csrABb mutant was unable
to grow to a sufficient density at 90 mM propionate, we were able to detect higher
levels of BosR, RpoS, OppA5, and DbpA in the presence of 60 mM propionate than that
in the untreated control (Fig. 11B). However, the levels of the aforementioned proteins
were relatively lower in the csrABb mutant than in the wt and ct strains and were similar
to those of the 7D strain in the presence of all of the SCFAs (Fig. 10 to 13). The 8S strain,
similar to the mt strain, was unable to grow in the presence of 90 mM sodium
propionate or sodium butyrate to sufficient density, although there were higher levels
of BosR, RpoS, and several rpoS-regulated lipoproteins in the presence of 60 mM
concentrations of these SCFAs compared to those of untreated sample (Fig. 14, lanes
1, 5, and 8). Moreover, the 8S strain had higher levels of these proteins than the csrABb

mutant and 7D strain, suggesting the role of the site-specific changes in the CsrABb

resulting in these phenotypic responses to select environmental signals. The effects of
propionate and butyrate on the gene and protein expression profiles of borrelial strains
were similar to the effect of acetate, although the concentration of propionate needed
to induce RpoS and select members of the rpoS regulon was lower (Fig. 10 to 14).

FIG 4 Transcriptional levels of select open reading frames (ORFs) in response to supplementation with
acetate. Real-time reverse transcription-PCR to detect levels of rpoS, flaB, and ospC in different borrelial
strains is shown. Total RNA was extracted from wt, csrABb mutant, ct, and 8S strains propagated at 32°C
and pH 7.6 in BSKII medium supplemented with 0, 30, 60, or 90 mM sodium acetate and converted to
cDNA, followed by quantitative real-time PCR using primers specific to rpoS, flaB, and ospC as described
in Materials and Methods (Table 2). The values for all samples were normalized to the values for recA, and
the change in the CT values for each transcript was obtained as an average of the values determined for
each sample analyzed in triplicate. The 2�ΔΔCT values for each transcript from different strains are shown
as fold difference on the y axis with the corresponding error bars. The ΔCT values obtained for all strains
were subject to an unpaired Student t test implemented in Prism software. The asterisks indicate levels
of significance: ***, P � 0.001; **, P � 0.01; *, P � 0.05.
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Moreover, the levels of key virulence-related proteins were lower in the csrABb and 7D
mutants than in the wt, ct, and 8S strains, consistent with previous studies using
temperature and pH mimicking the midgut of fed and unfed ticks (22). The csrABb

mutant did not survive with 90 mM propionate, while the 8S strain had a growth defect
with 90 mM butyrate compared to other strains, although all strains tested had similar
growth rates with 90 mM acetate. The wt, ct, and 7D strains did survive in the BSKII
medium supplemented with 90 mM propionate, indicating growth, transcriptional, and
translational differences among these strains. Therefore, it is possible that transient
increases in some of the SCFAs in the serum/blood meal or in other host tissues could
result in changes in the metabolic and virulence attributes of B. burgdorferi.

Synergistic effects of SCFAs under conditions mimicking midguts of fed ticks.
Several studies have shown the need for shifting the in vitro growth conditions of B.
burgdorferi from RpoS-noninducing to RpoS-inducing conditions (such as pH and
temperature, among others) to modulate the transcript/protein profiles that mimic the
midgut of ticks before and after a blood meal (33, 35). In order to dissociate or limit the
effects of pH and temperature on the induction of RpoS and rpoS-regulated genes from
the effects of individual SCFAs on B. burgdorferi, we propagated the spirochetes at pH
7.6 and 32°C in the presence of various, albeit higher, concentrations compared to
levels of SCFAs present in various biological fluids, such as serum and cerebrospinal
fluid (CSF) of human or rodents (Fig. 4 to 6 and 10 to 14). Immunoblot analysis of
borrelial lysates propagated under conditions mimicking the midgut of fed ticks (pH 6.8
and 37°C) supplemented with all three SCFAs at levels similar to those of human blood
(30.4 �M sodium acetate, 1 �M sodium propionate, and 1 �M sodium butyrate) (Fig. 15B,
lane 3), human cerebrospinal fluid (58 �M sodium acetate, 2.8 �M sodium propionate, and
1.4 �M sodium butyrate) (Fig. 15B, lane 4), and rat blood (350 �M sodium acetate; 5 �M
sodium propionate and 5 �M sodium butyrate) (Fig. 15B, lane 5) showed increased levels
of RpoS compared to that in lysates of B. burgdorferi grown without supplementation with
SCFAs under conditions mimicking those of the midgut after (pH 6.8 and 37°C) (Fig. 15B,
lane 1) and before (pH 7.6/23°C) (Fig. 15B, lane 2) a blood meal. Consistent with the

FIG 5 Transcriptional levels of select ORFs in response to supplementation with propionate. Real-time reverse
transcription-PCR to detect levels of rpoS, flaB, and ospC in different borrelial strains is shown. Total RNA was
extracted from wt, csrABb mutant, ct, 8S, and 7D strains propagated at pH 7.6 and 32°C in BSKII medium
supplemented with 0, 30, 60, or 90 mM sodium propionate and converted to cDNA, followed by quantitative
real-time PCR using primers specific to rpoS, flaB, and ospC as described in Materials and Methods. The values for
all samples were normalized relative to the values for recA, and the change in the CT values for each transcript was
obtained as an average of the values determined for each sample analyzed in triplicate. The 2�ΔΔCT values for each
transcript from various strains are shown as fold difference on the y axis with the corresponding error bars. The ΔCT

values obtained for all strains were subjected to an unpaired Student t test implemented in Prism software. The
asterisks indicate levels of significance: ***, P � 0.001; **, P � 0.01; *, P � 0.05.
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increased levels of RpoS, there were increased levels of OspC and DbpA in borrelial lysates
at pH 6.8 and 37°C, and the physiological levels of all three SCFAs were similar to those in
human blood, CSF, and rat blood. There was a detectable increase in the levels of OspC at
pH 6.8 and 37°C with all three SCFAs (Fig. 15A, OspC), indicating the contributions of pH
and temperature (along with all three SCFAs) in modulating key determinants of B.
burgdorferi critical for the mammalian phase of infection. These studies add to the growing
number of host-derived factors that alter the adaptive capabilities of B. burgdorferi to
facilitate its survival and transmission between the mammalian and tick phases of infection.

DISCUSSION

The adaptation of the agent of Lyme disease is dependent on its ability to sense and
respond to different environmental cues present in various microenvironments of its
tick vector and vertebrate hosts. Since B. burgdorferi has limited metabolic and regu-
latory capabilities, its fitness to survive is dependent on fine-tuning its adaptation in
response to a multitude of signals prevalent in highly disparate hosts. In addition, the
response to these host-derived signals, such as carbohydrates, fatty acids, nucleotides,
and other essential biomolecules, is two-pronged: (i) appropriate alteration in the
pathogen metabolism and (ii) modulation of virulence-associated proteins that con-
tribute to the attachment, invasion, and persistence of the spirochetes in the transmis-
sion, reservoir, and dead-end hosts.

Analysis of the growth/transcriptional/translational features of parental and mutant
strains of B. burgdorferi in the presence of various concentrations of SCFAs has opened
avenues to determine if these signals/weak acids can be altered in the infected hosts
to modulate the survival and virulence phenotype of the spirochetes. Since antigens
such as OspC and DbpA are critical for colonization, they are also the target of
antibody-mediated clearance of the spirochetes (36). Therefore, it is possible that the
levels of some of these antigens and their mechanisms of regulation are transiently
altered, resulting in a rapid and complete clearance of the pathogen and limiting
persistence of B. burgdorferi in different vertebrate host tissues for prolonged periods

FIG 6 Transcriptional levels of select ORFs in response to supplementation with butyrate. Real-time reverse
transcription-PCR to detect levels of rpoS, flaB, and ospC in different borrelial strains is shown. Total RNA was
extracted from wt, csrABb mutant, ct, and 8S strains propagated at pH 7.6 and 32°C in BSKII medium supplemented
with 0, 30, 60, or 90 mM sodium butyrate and converted to cDNA, followed by quantitative real-time PCR using
primers specific to rpoS, flaB, and ospC as described in Materials and Methods. The values for all samples were
normalized relative to the values for recA, and the change in the CT values for each transcript was obtained as an
average of the values determined for each sample analyzed in triplicate. The 2�ΔΔCT values for various strains are
shown as fold difference on the y axis with the corresponding error bars. The ΔCT values obtained for all strains
were subjected to an unpaired Student t test implemented in Prism software. The asterisks indicate levels of
significance: ***, P � 0.001; **, P � 0.01; *, P � 0.05.
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of time. Persistence of spirochetes in low numbers or sustained levels of spirochetal
antigens have been hypothesized to induce a prolonged inflammatory response in the
joint tissues, possibly leading to antibiotic-resistant arthritis (37, 38).

We previously reported the lack of colonization of csrABb mutant in C3H/HeN mice,
while the parental and cis-complemented strains were recovered from all tissues from
mice challenged via needle inoculation (22). Since CsrABb is an RNA-binding protein
and has properties to posttranscriptionally regulate levels of several borrelial proteins
by interacting with the 5=UTRs of their mRNA, we determined its contribution to the
ability of B. burgdorferi to adapt to the mammalian host (20–23). The csrABb mutant was
able to survive within the DMCs implanted within the rat peritoneal cavity, although
the levels of OspC induced were not apparent compared to the levels in wt and ct
strains from DMCs. This suggested that the csrABb mutant had a defect in the induction
of OspC under conditions of mammalian host adaptation and could therefore serve as

FIG 7 Immunoblot analysis of metabolic and virulence-associated proteins of B. burgdorferi strain B31-A3
(wt) with increased levels of acetate. B. burgdorferi was propagated in BSKII plus 6% normal rabbit serum
supplemented with 0 (lane 1), 30 (lane 2), and 90 mM (lane 3) acetate. (A) Total stain of protein lysates
separated using SDS–12.5% polyacrylamide gel and stained with Coomassie blue. Note the presence of
increased levels of OspC upon growth with a 90 mM (lane 3) concentration of acetate. (B to E)
Immunoblot analysis using antisera specific to borrelial regulatory proteins (B), lipoproteins and oligo-
peptide permease (C), enzymes (D), and proteins (E) serving as loading controls. Molecular weights (M),
in kDa, are indicated to the left.

FIG 8 Immunoblot analysis of metabolic and virulence-associated proteins of B. burgdorferi strain B31-A3
(wt) with increased levels of propionate. B. burgdorferi was propagated in BSKII plus 6% normal rabbit
serum supplemented with 0 (lane 1), 30 (lane 2), and 90 mM (lane 3) propionate. (A) Total stain of protein
lysates separated using SDS–12.5% polyacrylamide gel and stained with Coomassie blue. Note the
presence of increased levels of OspC with 90 mM (lane 3) acetate. (B to E) Immunoblot analysis using
antisera specific to borrelial regulatory proteins (B), lipoproteins and oligopeptide permease (C), enzymes
(D), and proteins (E) serving as loading controls. Molecular weights, in kDa, are indicated to the left.
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a genetic tool to determine the effects of select host-derived nutrients such as SCFAs
on the levels of select borrelial lipoproteins in comparison to the control strains.

We also employed two additional mutants strains of csrABb, one lacking the terminal
7 amino acids (7D) unique to borrelial csrA homologs and the other with 8 critical amino
acids replaced with alanines (8S), resulting in stable levels of CsrABb with a concomitant
increase in the levels of RpoS and other rpoS-regulated lipoproteins, such as OspC and
DbpA (22). It is critical to point out that the lack of csrABb resulted in reduced levels of
OspC following mammalian host adaptation that could impact its colonization of
mammalian host. While two previous studies showed the lack of colonization of csrABb

mutant in mouse models of infection (22, 23), another study did not observe a defect
in colonization of csrABb mutant (25). It is unclear if in vitro or in vivo growth conditions
could induce select mRNAs (bound by CsrABb) at levels drastically higher than levels of
CsrABb present to regulate their posttranscriptional effects. It is therefore possible that
the phenotypic effects mediated by CsrABb are a result of both the levels of CsrABb and
the levels of its target mRNA transcribed at start sites encompassing the CsrABb-binding
sites. Alternatively, csrABb mutant expressing select mRNA species at levels above the
titratable levels of CsrABb in response to variations in in vitro or in vivo culture
conditions can be hypothesized to have a phenotype similar to that of the control
strains. It is also possible that there are single/multiple nucleotide changes in the CsrABb

binding sites of select mRNA or within csrABb itself that have the potential to alter the
translation of proteins critical for colonization of mice or for optimal binding properties
of CsrABb. Therefore, the effects of SCFAs on csrABb mutants would provide insights into
how the expression of select borrelial determinants can be manipulated at both
transcriptional and posttranscriptional levels to alter the pathogen-host interactions of
B. burgdorferi. These observations also add to the unique pleiotropic effects of CsrABb

in determining the adaptive capabilities of Lyme spirochetes with features that are
conserved and divergent from those of CsrA homologs present in other bacterial
systems (39).

We undertook a comprehensive analysis of growth rates and transcriptional and
translational levels of key borrelial determinants in response to SCFAs using 5 borrelial
strains (wt, csrABb mt, ct, 7D, and 8S). All strains tested had a lower growth rate at higher
concentrations of SCFAs, with sodium propionate exerting the most significant effect at
lower concentration and during the earlier stages of growth (Fig. 2 and 3). The rationale
for using these higher concentrations of SCFAs was to determine the maximum levels
of SCFAs that can be tolerated by various borrelial strains under in vitro growth

FIG 9 Immunoblot analysis of metabolic and virulence-associated proteins of B. burgdorferi strain
B31-A3 (wt) with increased levels of butyrate. B. burgdorferi was propagated in BSKII plus 6% normal
rabbit serum supplemented with 0 (lane 1), 30 (lane 2), and 90 mM (lane 3) butyrate. (A) Total stain
of protein lysates separated using SDS–12.5% polyacrylamide gel and stained with Coomassie blue.
Note the presence of increased levels of OspC at 90 mM concentration of acetate (lane 3). (B to E)
Immunoblot analysis using antisera specific to borrelial regulatory proteins (B), lipoproteins and
oligopeptide permease (C), enzymes (D), and proteins (E) serving as loading controls. Molecular
weights, in kDa, are indicated to the left.
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conditions in BSKII medium at pH 7.6 and 32°C (buffered with HEPES). This approach
was to minimize the effects of other environmental cues that induce increased levels of
RpoS and its regulon instead of the RpoS-inducible growth conditions used in our
laboratory obtained by shifting B. burgdorferi from pH 7.6 and 23°C to pH 6.8 and 37°C
(16, 33). It is reasonable to expect that the accumulation of membrane-permeable,
nonionized organic acids within the cytoplasm of spirochetes in response to higher
concentrations of SCFAs result in a variety of physiological effects leading to inhibition
of bacterial growth. Many studies on the effects of SCFAs on gut microbes have been
carried out under low pH conditions reflective of the physiological pH of the gut (40,
41). However, it is possible that the spirochetes are exposed to variations in external pH
under different microenvironments depending on the feeding status of the ticks or the
cellular profile within the mammalian tissues colonized by Lyme spirochetes.

Growth rates of different borrelial mutants in the presence of various concentrations
of SCFAs under in vitro conditions provided insights into physiological effects that
eventually could be exploited for modulating in vivo growth/survival of B. burgdorferi,
notably if altered concentration of serum levels of SCFAs will impact survival/transmis-
sion between the tick and mammalian hosts. While the in vitro concentrations of the
SCFAs used to demonstrate increased levels of RpoS and rpoS-regulated lipoproteins
are much higher than the normal serum concentrations of these acids (100 to 400 �M
range for humans), it is important to realize that this effect was observed in medium at

FIG 10 Immunoblot analysis of metabolic and virulence-associated proteins of B. burgdorferi strain
B31-A3 (wt) with increased levels of three SCFAs. B. burgdorferi B31-A3 strain was propagated in BSKII
plus 6% normal rabbit serum supplemented with 0 (lanes 1, 5, and 9), 30 (lanes 2, 6, and 10), 60 (lanes
3, 7, and 11), and 90 (lanes 4, 8, and 12) mM sodium acetate, sodium propionate, or sodium butyrate as
indicated above the SDS-PAGE gel. (A) Total stain of protein lysates separated using SDS–12.5%
polyacrylamide gel and stained with Coomassie blue. Note the presence of increased levels of OspC at
90 mM concentration of each of the SCFAs (lane 3). (B) Immunoblot analysis using antisera specific to a
variety of borrelial determinants are indicated to the right of each blot. Molecular masses, in kDa, are
indicated to the left.
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pH 7.6 and 32°C (18, 42). The levels of acetate in the tick midguts were determined to
be around 40 mM following feeding of ticks to repletion on a rabbit, reflecting the
physiological relevance of millimolar concentrations of acetate in regulating the patho-
physiology of B. burgdorferi (19). In the vertebrate host, the spirochetes are exposed to
other stimulatory signals, which can synergize with the effects of much lower concen-
trations of SCFAs in the serum and other vertebrate tissues (9, 10, 33, 43). Consistent
with this premise, levels of RpoS and two key lipoproteins, OspC and DbpA, were higher
when B. burgdorferi B31-A3 (wild-type strain) was shifted from pH 7.6 and 23°C to pH
6.8 and 37°C (pH-temperature combination prevalent under fed-tick conditions) with all
three SCFAs (acetate, propionate, and butyrate together) at levels present in human
blood, human cerebrospinal fluid (CSF), or rat blood compared to those of B. burgdorferi
grown under conditions mimicking the tick midgut before (pH 7.6 and 23°C) and after
(pH 6.8 and 37°C) a blood meal without supplementation with SCFAs (Fig. 15). These
observations underscore the combined effects of multiple environmental cues that
drive the adaptive response of B. burgdorferi that influence its virulence/colonization
attributes.

One possible mechanism for the regulatory effects mediated by SCFAs is the acid
stress response in B. burgdorferi, although the borrelial genome does not encode a
variety of genes similar to those contributing to this phenomenon in Escherichia coli
(43–45). For example, 5 genes, glutamate decarboxylase B (gadB), glutamate-GABA
antiporter (gadC), outer membrane lipoprotein (slp), periplasmic chaperone of acid-
denatured proteins A (hdeA), and glutamate decarboxylase (gadA), involved in gluta-
mate decarboxylase-dependent acid stress response are induced in E. coli following the

FIG 11 Immunoblot analysis of metabolic and virulence-associated proteins of csrABb mutant with
increased levels of three SCFAs. B. burgdorferi was propagated in BSKII plus 6% normal rabbit serum
supplemented with 0 (lanes 1, 5, and 8), 30 (lanes 2, 6, and 9), 60 (lanes 3, 7, and 10), and 90 (lanes 4 and
11) mM sodium acetate, sodium propionate, or sodium butyrate as indicated above the SDS-PAGE gel.
(A) Total stain of protein lysates separated using SDS–12.5% polyacrylamide gel and stained with
Coomassie blue. Note the presence of increased levels of OspC at 90 mM concentration of each of the
SCFAs (lane 3). (B) Immunoblot analysis using antisera specific to a variety of borrelial determinants are
indicated to the right of each blot. Molecular masses, in kDa, are indicated to the left.
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addition of polyamines (45, 46). Since there are no apparent homologs of these genes
in B. burgdorferi except for a glutamate transporter (GltP, BB0401), it is possible that the
spirochetes possess enzymes that carry out similar functions but share little to no
similarity to the aforementioned homologs. Among three types of acid resistance
systems (AR), the presence of known (and unknown) homologs of RpoS-dependent
response (AR1), and the apparent lack of homologs of glutamate decarboxylase (AR2)
and arginine decarboxylase (AR3) indicate that B. burgdorferi has a limited acid stress
response mechanism, likely due to its microenvironments being at near neutral pH,
unlike the dramatic pH alterations encountered by enteric pathogens (41). The specific
ability of spermidine and spermine to induce increased levels of RpoS and proteins of
rpoS-regulated genes is indicative of an AR1-type acid stress response in B. burgdorferi,
although all of the key players of this system have yet to be functionally characterized
(33). Alternatively, it is possible that there are functional redundancies distributed over
a wide array of hypothetical proteins that could mediate the acid stress response in B.
burgdorferi.

Transcriptional levels of rpoS and ospC were significantly upregulated in the pres-
ence of higher concentrations of acetate (Fig. 3), propionate (Fig. 4), and butyrate (Fig.
5) compared to those of untreated samples in all strains tested, suggesting that the
levels of these SCFAs induce expression of these genes in B. burgdorferi and could serve
as signals present in the incoming blood meal that is known to upregulate RpoS and
members of the rpoS regulon. While the levels of rpoS and ospC were similar in wt, ct,
and 8S strains, their transcriptional levels were lower in the csrABb mt and 7D strains,

FIG 12 Immunoblot analysis of metabolic and virulence-associated proteins of cis-complemented strain
(ct) with increased levels of three SCFAs. Cis-complemented strain of csrABb mutant was propagated in
BSKII plus 6% normal rabbit serum supplemented with 0 (lanes 1, 5, and 9), 30 (lanes 2, 6, and 10), 60
(lanes 3, 7, and 11), and 90 (lanes 4, 8, and 12) mM sodium acetate, sodium propionate, or sodium
butyrate as indicated above the SDS-PAGE gel. (A) Total stain of protein lysates separated using
SDS–12.5% polyacrylamide gel and stained with Coomassie blue. Note the presence of increased levels
of OspC at 90 mM concentration of each of the SCFAs (lane 3). (B) Immunoblot analysis using antisera
specific to a variety of borrelial determinants are indicated to the right of each blot. Molecular masses,
in kDa, are indicated to the left.
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notably at 60 mM acetate (Fig. 4). The transcriptional levels of rpoS and ospC in the
presence of propionate was maximal in the wt strain, while the ct and 8S strains had
higher levels than the csrABb mt and 7D strains in the presence of 60 mM propionate.
It should be pointed out that we were unable to obtain sufficient numbers of csrABb and
8S mutant spirochetes at 90 mM propionate, although the growth media/conditions
employed to propagate all strains were similar. The transcriptional changes in rpoS and
ospC following addition of butyrate were similar to those of acetate, except that the 8S
strain was unable to survive at the higher concentration of butyrate. A noteworthy
observation from these studies is that the levels of SCFAs are capable of inducing
transcriptional and translational changes (Fig. 7 to 14) in key borrelial determinants that
permit the colonization of the mammalian host by the spirochetes independent of the
temperature (all strains were grown under pH 7.6 and 32°C).

Consistent with the transcriptional changes noted with increasing levels of SCFAs,
the levels of RpoS and several rpoS-regulated gene products were elevated in all strains
tested compared to those of untreated spirochetes (Fig. 7 to 14). These findings were
consistent with our previous report (16) and underscore the possibility of driving
increased levels of proteins, such as OspC, DbpA, and presumably other rpoS-regulated
lipoproteins, to facilitate a rapid, immune-mediated clearance of B. burgdorferi in
reservoir hosts, since these lipoproteins are targets of the adaptive immune system.
One notable observation was the relatively similar levels of OppA5 (BBA34), one of the
five oligopeptide permeases encoded by linear plasmid 54 of B. burgdorferi, in the
csrABb and 7D mutants with or without SCFAs (Fig. 11 and 13, �-OppA5), in contrast to

FIG 13 Immunoblot analysis of metabolic and virulence-associated proteins of 7D strain with increased
levels of three SCFAs. 7D strain was propagated in BSKII plus 6% normal rabbit serum supplemented with
0 (lanes 1, 5, and 9), 30 (lanes 2, 6, and 10), 60 (lanes 3, 7, and 11), and 90 (lanes 4, 8, and 12) mM sodium
acetate, sodium propionate, or sodium butyrate as indicated above the SDS-PAGE gel. (A) Total stain of
protein lysates separated using SDS–12.5% polyacrylamide gel and stained with Coomassie blue. Note
the presence of increased levels of OspC at 90 mM (lane 3) concentration of each of the SCFAs. (B)
Immunoblot analysis using antisera specific to a variety of borrelial determinants, indicated to the right
of each blot. Molecular masses, in kDa, are indicated to the left.
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wt, ct, and 8S strains, where the OppA5 levels were elevated with increasing concen-
trations of SCFAs (Fig. 10, 12, and 14). This difference could be attributed to unknown
regulatory effects of CsrABb or to relatively lower levels of RpoS induced in csrABb and
7D mutants leading to minimal changes in OppA5 with increasing concentrations of
SCFAs. These observations are consistent with our previous report using these strains,
although there are differences in the growth conditions between these studies (22).
However, these observations reveal phenotypic differences between strains expressing
CsrABb versus those that either lack CsrABb or have changes in terms of their response
to increasing levels of SCFAs (Fig. 11 to 14). The levels of several proteins, such as FlgK,
Ldh, NapA, and FlaB, were similar or showed minor variations between all the strains
tested in response to supplementation with SCFAs. It is therefore possible to speculate
that levels of SCFAs in the incoming blood meal or in the reservoir hosts influence the
transcriptional and translational levels of proteins critical for colonization of the mam-
malian hosts and thereby play a role in the clearance/persistence of spirochetes in
different hosts.

Diets that are rich in complex fibers/carbohydrates, which are subjected to
microbial fermentation in the gut, may not only lead to other metabolic advantages
to the host but also could provide signals to modulate the pathogen response
during infection. These host-derived signals/mechanisms can be manipulated to
induce sustained levels of borrelial antigens that are targets of the adaptive
immune response of the host to facilitate a reduction in pathogen burden, even

FIG 14 Immunoblot analysis of metabolic and virulence-associated proteins of 8S strain with increased
levels of three SCFAs. 8S strain was propagated in BSKII plus 6% normal rabbit serum supplemented with
0 (lanes 1, 5, and 8), 30 (lanes 2, 6, and 9), 60 (lanes 3, 7, and 10), and 90 (lane 4) mM sodium acetate,
sodium propionate, or sodium butyrate as indicated above the SDS-PAGE gel. (A) Total stain of protein
lysates separated using SDS–12.5% polyacrylamide gel and stained with Coomassie blue. Note the
presence of increased levels of OspC at 90 mM (lane 3) concentration of each of the SCFAs. (B)
Immunoblot analysis using antisera specific to a variety of borrelial determinants that play key roles in
the metabolism and pathogenesis of B. burgdorferi (indicated to the right of each blot). Molecular masses,
in kDa, are indicated to the left.
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though the spirochetes have the ability to evade the immune system of the
mammalian hosts (47, 48). Even if the clearance of the spirochetes is incomplete in
the reservoirs of hosts fed on diets rich in complex carbohydrates with concomitant
changes in the gut microbiota, a gradual reduction in the pathogen burden could
have significant cumulative impact on the transmission kinetics, leading to a
reduction in the incidence of Lyme disease. These studies are bound to spawn new
avenues to modulate host microbiome in different tissues (gut and skin) of reservoir
hosts to influence the pathogen survival both in the mammalian hosts and in the
tick vector, which is dependent on a mammalian blood meal to support spirochetes
to survive during its enzootic cycle (49). Currently, the effects of high-fiber diets that
lead to an increase in specific SCFAs are being tested using immunocompetent
C3H/HeN and immunodeficient SCID mice infected with B. burgdorferi to determine
the kinetics of pathogen transmission in the tick-mouse-tick cycle of infection that
will enable connecting these in vitro findings to metabolic and infectious processes
of Lyme spirochetes within its divergent hosts. These aforementioned studies will
expand the role of SCFAs in contributing to the virulence manifestations of spiro-
chetes and offer avenues to deregulate critical borrelial determinants that are
known to significantly impact the pathogen-host interactions, resulting in reduced
pathogen burden in the reservoir hosts or altered survival of B. burgdorferi within
ticks, leading to strategies to reduce incidence of human Lyme disease.

FIG 15 Immunoblot analysis of B. burgdorferi B31-A3 propagated at pH 6.8 and 37°C with physiological
levels of SCFAs mimicking that of human blood, cerebrospinal fluid, or rat blood. B. burgdorferi strain
B31-A3 was propagated in BSKII plus 6% normal rabbit serum at pH 6.8 and 37°C, mimicking midgut of
fed ticks (lane 1), pH 7.6 and 23°C, mimicking midgut of unfed ticks (lane 2), pH 6.8 and 37°C plus SCFA
levels reflecting human blood (lane 3), pH 6.8 and 37°C plus SCFA levels reflecting human cerebrospinal
fluid (lane 4), and pH 6.8 and 37°C plus SCFA levels reflecting rat blood (lane 5). (A) Total stain of protein
lysates separated using SDS–12.5% polyacrylamide gel and stained with Coomassie blue. Note the
presence of increased levels of OspC in borrelial samples propagated with physiological levels of SCFAs
reflecting human blood, CSF, or rat blood. (B) Immunoblot analysis using antisera specific to FlaB, OspC,
DbpA, and RpoS. Asterisks indicate that the protein samples loaded on membranes probed with
anti-FlaB, -OspC, and -DbpA were diluted 10-fold for all samples due to the high reactivity of specific
antisera. Molecular masses, in kDa, are indicated to the left.
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MATERIALS AND METHODS
Bacterial strains and growth conditions. A clonal, infectious isolate of B. burgdorferi strain B31-A3

(wt) (Table 1), which has all the infection-associated plasmids, was used for the deletion of csrABb and
restoration of a functional copy of the wild-type csrABb allele (ct strain) (22). Site-specific changes with 8
critical residues replaced with alanines (8S strain) or deletion of 7 amino acids at the C-terminal region
of CsrABb (7D), as described previously, were used in this study (22, 50–56). All B. burgdorferi cultures were
grown in 1% CO2 at 32°C in Barbour-Stoenner-Kelly II (BSK-II) liquid medium (pH 7.6) with 6% normal
rabbit serum and supplemented with different concentrations (0, 30, 60, or 90 mM) of sodium acetate,
sodium propionate, or sodium butyrate (10). Spirochetes were also grown to a density of 5 � 107 cells/ml
in BSK-II growth medium that mimicked the tick midgut before (pH 7.6 and 23°C) and after (pH 6.8 and
37°C) a blood meal (35). In order to determine the combined effects of SCFAs at physiological levels, the
wild-type strain was also shifted from conditions mimicking the midgut before (pH 7.6 and 23°C) to those
after (pH 6.8 and 37°C) the ingestion of a blood meal in the presence of SCFAs at levels present in the
human blood (30.4 �M sodium acetate, 1 �M sodium propionate, and 1 �M sodium butyrate), human
cerebrospinal fluid (58 �M sodium acetate, 2.8 �M sodium propionate, and 1.4 �M sodium butyrate), or
rat blood (350 �M sodium acetate, 5 �M sodium propionate, and 5 �M sodium butyrate) based on the
data available at www.hmdb.ca or reported previously (57). Spirochetes were harvested at a density of
5 � 107 cells/ml for protein profile analysis or for RNA extractions. Escherichia coli TOP10 (Invitrogen,
Carlsbad, CA) and Rosetta (DE3) pLysS (Novagen, Madison, MI) strains were used for all procedures
involving cloning and overexpression of recombinant proteins, respectively. E. coli strains were cultured
in Luria-Bertani (LB) broth supplemented with appropriate concentrations of antibiotics. These recom-
binant proteins were used to generate specific antibodies in BALB/c mice as needed for immunoblot
analysis (16).

Determination of growth rate of borrelial strains in the presence of SCFAs. B. burgdorferi strains
were propagated in BSK-II medium at pH 7.6 and 32°C with appropriate antibiotics and in the presence
of various concentrations of SCFAs in triplicate. Growth was measured by enumerating viable spirochetes
every 12 h for a period of 156 h, at which time the parental strain reached a density of 2 � 108 cells per
ml (33). All experiments were repeated thrice.

RNA extraction and quantitative real-time PCR analysis. Transcriptional analysis of key genes
relevant to this study was done using quantitative real-time PCR analysis. Total RNA was extracted as
previously described from B. burgdorferi cultures propagated under normal laboratory growth conditions
(pH 7.6 and 32°C) and grown to a density of 2 � 106 to 3 � 106 spirochetes per ml in the presence of
different concentrations of SCFAs (21). The total RNA was treated twice at 37°C for 45 min with DNase
I to remove any contaminating DNA and quantified spectrophotometrically. Purity of the RNA sample
was assessed using real-time PCR with recA primers (recAFq and recARq) to rule out the presence of
contaminating DNA. RNA samples were reverse transcribed to cDNA using TaqMan reverse transcription
reagents (Applied Biosystems, Foster City, CA). Real-time PCRs were set up with SYBR green PCR master
mix with various oligonucleotide primers (Table 2) at a final concentration of 100 nM, and quantitative
real-time PCR was done using an ABI Prism 7300 system (Applied Biosystems) as described previously
(21). The cycle numbers of the detection threshold (CT) of each of the genes were averaged following
normalization, and the levels of induction were determined with the ΔΔCT method where the quantity
of each transcript was determined by the equation 2�ΔΔCT, as described previously. The normalized CT

values obtained from cDNA samples from different borrelial strains were subjected to unpaired Student’s
t test implemented in Prism. Statistical significance was accepted when the P values were less than 0.05.
Primers specific to rpoS, flaB, and ospC were used in this analysis along with recA-specific primers for
normalization of the CT values.

TABLE 1 Borrelia burgdorferi strains used in this study

B. burgdorferi strains Description Reference or source

B31-A3 (wt) B31, low passage, virulent isolate 50
A3-ES10 (mt) B31-A3, mutated in csrABb, Strr 22
A3-SR50 (ct) A3-ES10, csrABb complemented, Genr 22
A3-RR59 (8S) A3-ES10 complemented with RR59, 8 critical residues replaced with alanines, Genr 22
A3-RR66 (7D) A3-ES10 complemented with RR66, 7-amino-acid C-terminal deletion strain, Genr 22

TABLE 2 Oligonucleotides used in this study

Name Sequence

recAFq ATGCTCTTGATCCTGTTTATGCAA
recARq GGTATCAGGCTGACTAAGCCAAA
flaBFq CAGCTAATGTTGCAAATCTTTTCTCT
flaBRq TTCCTGTTGAACACCCTCTTGA
rpoSFq AGATATGCGGGTAAAGGGTTAAAA
rpoSRq CAGCAGCTCTTATTAATCCCAAGTT
ospCFq AATCAGTAGAGGTCTTGTCAAAAGCA
ospCRq CCACAACAGGGCTTGTAAGCT
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SDS-PAGE and immunoblot analysis. B. burgdorferi whole-cell lysates were prepared and separated
on SDS–12.5% PAGE as described previously (16). The separated proteins were either visualized by
Coomassie brilliant blue staining or transferred onto a polyvinylidene difluoride (PVDF) membrane
(Amersham Hybond-P; GE Healthcare, Buckinghamshire, UK) and subjected to immunoblot analysis as
described previously (21). The membranes were probed with monoclonal antibodies or monospecific
serum against a variety of borrelial proteins. The blots were developed following incubation with
appropriate dilutions of horseradish peroxidase (HRP)-conjugated anti-mouse, anti-rabbit, or anti-rat
secondary antibodies using ECL Western blotting reagents (GE Healthcare).

Growth of spirochetes in DMCs implanted in rat peritoneal cavity. B. burgdorferi strain B31-A3
(wt), csrABb mutant (mt), and the csrABb cis-complemented strain (ct) were propagated from frozen stocks
in BSK-II liquid medium supplemented with 6% filter-sterilized normal rabbit serum (Pel-Freez Biological,
Rogers, AR) at pH 7.6 and 32°C with 1% CO2. Once the spirochetes reached a density of 1 � 106

spirochete/ml, the cultures were further diluted to 5 � 104 spirochete/ml, and 10 ml of each diluted
culture was transferred to a sterile dialysis membrane tube (6,000 to 8,000 molecular weight cutoff,
32-mm width; Spectra/Pro 6; Spectrum Labs) and implanted into the abdominal cavity of female
Sprague-Dawley rats for 10 to 12 days (31). Three separate DMCs for each borrelial strain were pelleted
by centrifugation at 4°C at 3,220 � g for 20 min and washed thrice with Hanks balanced salt solution
(HBSS; Thermo Scientific HyClone, Logan, UT). Spirochetes propagated under in vitro conditions (pH 7.6
and 32°C) were also processed as described above, and total protein profiles were analyzed by
silver-stained SDS–15% PAGE as described previously (31).
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