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Abstract 30 

 31 

The alternative sigma factor RpoS in Borrelia burgdorferi (Bb), the Lyme disease pathogen, is responsible 32 

for programmatic positive and negative gene regulation essential for the spirochete’s dual-host enzootic 33 

cycle. RpoS is expressed during tick-to-mammal transmission and throughout mammalian infection. 34 

Although the mammalian-phase RpoS regulon is well described, its counterpart during the transmission 35 

blood meal is unknown. Here, we used Bb-specific transcript enrichment by TBDCapSeq to compare the 36 

transcriptomes of wild-type and ΔrpoS Bb in engorged nymphs and following mammalian host-adaptation 37 

within dialysis membrane chambers. TBDCapSeq revealed dramatic changes in the contours of the RpoS 38 

regulon within ticks and mammals and further confirmed that RpoS-mediated repression is specific to the 39 

mammalian-phase of Bb’s enzootic cycle. We also provide evidence that RpoS-dependent gene regulation, 40 

including repression of tick-phase genes, is required for persistence in mice. Comparative transcriptomics 41 

of engineered Bb strains revealed that BosR, a non-canonical Fur family regulator, and the c-di-GMP 42 

effector PlzA reciprocally regulate the function of RNA polymerase complexed with RpoS. BosR is 43 

required for RpoS-mediated transcription activation and repression in addition to its well-defined role 44 

promoting RpoN-dependent transcription of rpoS. During transmission, liganded-PlzA antagonizes RpoS-45 

mediated repression, presumably acting through BosR.   46 
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Introduction 47 

Lyme disease (LD) is a multisystem infectious disorder caused by the highly motile, invasive spirochetal 48 

pathogen Borrelia burgdorferi (Bb) (1). With an estimated 476,000 cases diagnosed and treated annually, 49 

LD is easily the most prevalent arthropod-borne infection in the United States (2). In nature, Bb cycles 50 

between an Ixodes spp. vector and a vertebrate reservoir host, usually a small rodent, primarily the white-51 

footed mouse in North America (3, 4). The generalist feeding behavior of Ixodes spp. is responsible for 52 

transmission of B. burgdorferi to humans by infected ticks (1, 5). In recent years, much has been learned 53 

about the global regulatory systems that enable LD spirochetes to transit between their arthropod vector 54 

and mammalian reservoir host (6, 7). However, while there is ample evidence for crosstalk between 55 

pathways (7), the mechanisms whereby they modulate each other’s regulatory output to create the 56 

appropriate transcriptomic and proteomic profile at a given point in the enzootic cycle remain obscure.  57 

The RpoN/RpoS regulatory pathway, first described in a seminal report by Norgard and co-workers 58 

(8), controls gene expression via the “effector” alternative sigma factor RpoS. RpoN, the LD spirochete’s 59 

sole other alternative sigma factor (9), transcribes rpoS in response to environmental cues provided by the 60 

blood meal (6, 7); the pathway remains ON throughout tick transmission and mammalian infection but 61 

rapidly turns OFF during larval acquisition (10-12). Spirochetes lacking RpoS are avirulent when 62 

introduced into mice by needle inoculation (6) and remain confined to the midgut during feeding when 63 

artificially introduced into ticks by immersion (13). The response regulator Rrp2 and BosR, a Ferric Uptake 64 

Regulator (Fur) ortholog, are essential for transcription of rpoS in vitro and in vivo, presumably forming a 65 

complex with RNA polymerase (RNAP)-RpoN holoenzyme (7). Comparison of the transcriptomes of Bb 66 

cultivated in vitro at 37°C and mammalian host-adapted in dialysis membrane chambers (DMCs) (14) have 67 

brought to light two salient differences between the in vitro and in vivo RpoS regulons (11, 15): (i) not all 68 

genes transcribed by RpoS in mammals are transcribed by RpoS in vitro and (ii) RpoS represses a subset 69 

of tick-phase genes upon mammalian host-adaptation but not in vitro. These differences imply that promoter 70 

recognition by RpoS differs in vitro and within mammals. The ability of RpoS to reciprocally regulate tick- 71 
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and mammalian host-phase genes throughout the enzootic cycle led to its designation as a “gatekeeper” 72 

(15).  73 

A second global regulatory system in Bb involves the ubiquitous bacterial second messenger bis-74 

(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) and the Hk1/Rrp1 two component system 75 

(TCS) (7, 16). Binding of unidentified, exogenous ligand(s) generated within the midgut of feeding ticks to 76 

the periplasmic sensor domain of Hk1 initiates a signal transduction cascade that culminates in 77 

phosphorylation of Rrp1 and synthesis of c-di-GMP (7, 16). Spirochetes lacking either Hk1 or Rrp1 host-78 

adapt normally within DMCs and are virulent in mice but are destroyed within feeding ticks (10, 17-19). 79 

Thus, in contrast to the RpoN/RpoS pathway, the Hk1/Rrp1 pathway is tick-specific. Production of c-di-80 

GMP by Bb results in the upregulation of genes involved in the utilization of alternative carbon sources and 81 

genes encoding cell envelope constituents required to defend against noxious substances and environmental 82 

stressors generated by the blood meal (20-22). Importantly, many tick-phase genes upregulated by c-di-83 

GMP are repressed by RpoS within mammals (11). Efforts to elucidate c-di-GMP signaling in Bb have 84 

centered about PlzA, the sole PilZ domain protein in most LD spirochetes, including the B31 strain (7, 16, 85 

23). In feeding ticks, deletion of PlzA or complementation of DplzA with a PlzA protein unable to bind c-86 

di-GMP phenocopies deletion of hk1 and rrp1 (19, 24, 25). Our recent studies with the DMC system 87 

revealed that ectopic constitutive synthesis of c-di-GMP by cDGC Bb, acting through liganded-PlzA, exerts 88 

a ‘brake’ effect on RpoS-dependent gene regulation, antagonizing RpoS-mediated repression and reducing 89 

expression of some RpoS-upregulated genes (25). We interpreted these results to indicate that liganded-90 

PlzA is a principal driver of RNAP-RpoS function in ticks and that transition to the mammalian host-phase 91 

RpoS regulon requires cessation of c-di-GMP synthesis.  92 

Deconvolution of the processes shaping the RpoS regulon requires transcriptional profiling of wild-93 

type (WT) and ΔrpoS spirochetes in feeding nymphs as well as in mammals. While DMCs provide 94 

sufficient host-adapted spirochetes for genome-wide transcriptomics, conventional RNAseq of Bb in 95 

feeding nymphs is not feasible due to an abundance of mouse and tick RNA. We circumvented this problem 96 

using probe-based enrichment prior to RNAseq to compare the WT and ΔrpoS transcriptomes in engorged 97 
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nymphs and DMCs. These analyses revealed that the RpoS regulon changes dramatically as spirochetes 98 

transit from tick to mammal, with RpoS-mediated repression occurring strictly within mammals. RNAseq 99 

analysis of the cDGC strain in DMCs revealed that liganded-PlzA skews the RpoS regulon towards a ‘tick-100 

phase’ transcriptional profile. Using a ΔrpoS strain that expresses rpoS from an IPTG-inducible promoter 101 

(ΔrpoS/irpoS), we determined that persistence in mammals involves RpoS-upregulated genes as well as 102 

RpoS-mediated repression. Inactivation of bosR in ΔrpoS/irpoS abrogated RpoS-mediated repression and 103 

diminished RpoS-upregulation in DMCs. Thus, BosR is required not only for RpoN-dependent 104 

transcription of rpoS but also for downstream RpoS-dependent facets of host-adaptation. Remarkably, 105 

ectopic expression of RpoS in a ΔbosRΔrpoS/irpoS background phenocopied the ‘brake effect’ of liganded-106 

PlzA on RpoS-mediated repression in DMCs. Collectively, these results enable us to formulate a working 107 

model whereby liganded-PlzA counteracts BosR during transmission to antagonize RpoS-mediated 108 

repression of tick-phase genes and diminish expression of RpoS-upregulated genes. Cessation of c-di-GMP 109 

synthesis with consequent release of PlzA-dependent antagonism following transmission, resets RNAP-110 

RpoS to its ‘default’ position, which is maintained throughout mammalian infection.  111 

  112 
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Results 113 

Development of capture-based enrichment RNAseq to delineate RpoS-regulated genes in engorged 114 

nymphal ticks. Using comparative microarray and RNAseq, we previously defined the Bb RpoS regulon 115 

following temperature-shift in vitro and cultivation within DMCs (11, 15). Collectively, these studies 116 

demonstrated that mammalian host signals modulate promoter recognition by RNAP-RpoS and licenses 117 

RpoS-mediated repression of tick-phase genes. Notably, these studies identified a cohort of genes 118 

upregulated by RNAP-RpoS only in mammals. Given that RpoS is essential for transmission (13), we 119 

reasoned that the RpoS regulon includes genes upregulated exclusively during the nymphal bloodmeal. In 120 

a pilot RNAseq study using ribo-depleted RNA from engorged nymphs infected with WT strain B31, only 121 

~6,700 reads mapped to protein coding genes (0.034% of ~20 M total raw reads) (Supplemental Table 1), 122 

a value too low to obtain comprehensive transcriptomic data. To overcome this bottleneck, we took 123 

advantage of an enrichment strategy, designated TBDCapSeq, developed by Tokarz and colleagues (26, 124 

27), which uses hybridization probes to ‘capture’ pathogen-specific amplicons prior to sequencing (Figure 125 

1). Using TBDCapSeq, we compared the transcriptomes of WT and DrpoS Bb in fed nymphs and DMCs. 126 

Summaries of the raw and mapped data are presented in Supplemental Table 1. 127 

 128 

Overview of TBDCapSeq analyses. Approximately 11.3 and 15.6 M raw reads were obtained from fed 129 

nymphs infected with WT and DrpoS strains, respectively. Of these, ~30% were Bb-specific, representing 130 

an ~1000-fold enrichment over conventional RNAseq. After post-run processing, ~1.6 and ~1.9 M reads 131 

for protein coding genes in WT and DrpoS, respectively, remained. Of the 1227 protein coding genes used 132 

for mapping, ~1000 were detected at >10 transcripts per kilobase million (TPMs) in all three biological 133 

replicates (Supplemental Table 2). We obtained even more robust data for DMC-cultivated spirochetes. Of 134 

the ~44 and ~35 M total reads obtained for WT and DrpoS DMC samples, respectively, ~21 and ~17 M 135 

were Bb-specific, with 79 and 73% mapping to protein coding genes; ~1200 genes were detected at >10 136 

TPMs in all four biological replicates (Supplemental Table 2). Prior microarray analyses demonstrated 137 

extensive transcriptomic remodeling as spirochetes transit between ticks and mammals (28). Along these 138 
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lines, hierarchical clustering and Principal Component Analysis (PCA) plots (Figure 2) showed wide 139 

separation of WT transcriptomes in fed nymphs and mammals. The distance between WT and DrpoS 140 

suggests that RpoS is a major contributor to this transcriptional divergence. Indeed, DESeq2 identified 213 141 

genes differentially regulated by RpoS in fed nymphs and/or DMCs. Of the 170 RpoS-regulated genes 142 

identified in DMCs, all but three (bb0228, bb0454 and bbb29/malX-2) were restored to near WT levels by 143 

trans-complementation with rpoS expressed under its native promoter (Supplemental Table 3). To ascertain 144 

the extent of bias introduced by enrichment, we compared the RpoS DMC regulons obtained by 145 

TBDCapSeq and conventional RNAseq (11). Of the 98 RpoS-regulated genes identified in DMCs by 146 

conventional RNAseq, 89 (55 upregulated and 34 RpoS-repressed) were similarly regulated by 147 

TBDCapSeq (Supplemental Table 3). The high degree of overlap between these independent datasets 148 

minimized concerns that enrichment faithfully represents the spirochete transcriptome in a given milieu.  149 

 150 

The RpoS regulon changes dramatically when Lyme disease spirochetes transits from ticks to 151 

mammals. Genome-wide comparisons of WT and DrpoS Bb in fed nymphs and DMCs revealed that the 152 

RpoS regulon varies substantially across the enzootic cycle (7, 13). Of note, all key components of the 153 

RpoN/RpoS pathway (bb0647/bosR, bb0763/rrp2, bb0450/rpoN and bb0771/rpoS) were expressed at 154 

comparable levels in fed nymphs and DMCs (Supplemental Table 4), arguing against fluctuations in RpoS 155 

protein levels being responsible for these differences. Four categories of differentially expressed genes were 156 

identified: (i) ‘core’ genes upregulated by RpoS in both nymphs and DMCs; (ii) genes upregulated by RpoS 157 

only in nymphs; (iii) genes upregulated by RpoS only in DMCs; and (iv) genes repressed by RpoS in 158 

mammals. Notably, no genes were repressed by RpoS during tick feeding. 159 

Genes upregulated by RpoS in fed nymphs and DMCs (Supplemental Table 5). Fifty-two genes 160 

were upregulated by RpoS in both fed nymphs and DMCs (hereafter designated ‘core’ genes). Eleven, 161 

including the RpoS-upregulated prototypes bbb19/ospC and bba24/dbpA, are known to be transcribed 162 

exclusively by RpoS (i.e., absolutely RpoS-dependent) in vitro and/or DMCs (11, 13, 15, 29). Based on a 163 
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comparison of TPM values for WT and DrpoS samples (Supplemental Table 2), 27 additional core genes 164 

also are considered absolutely RpoS-dependent. Twenty-two of the 38 absolutely RpoS-dependent core 165 

genes, most notably ospC, dbpA and bbi42, were transcribed at comparable levels in fed nymphs and 166 

DMCs. Thirteen, including three Pfam54_60 paralogs (bba65, bba66 and bba73), the OspF paralog bbo39 167 

(erpL), and two Mlps (bbp28/mlpA and bbm28/mlpF), were transcribed at higher levels in fed nymphs, 168 

while 18 were higher in DMCs. The DMC-enhanced group includes vlsE1, the expression site for the Vls 169 

system for antigenic variation (30), bba34/oppA5, encoding an oligopeptide substrate binding protein (11, 170 

31), and bbk32, encoding a vascular endothelial adhesin and inhibitor of the classical complement pathway 171 

(32-34). Seven core genes, including five related to chemotaxis (bb0680/mcp4, bb0681/mcp5, 172 

bb0671/cheX, bb0567/cheA-1 and bb0565/cheW-2), were transcribed at appreciable levels by DrpoS Bb, 173 

indicating dual transcription by RpoS and RpoD. An additional core seven (bb0400, bb0798, bbi42, bbj27, 174 

bbk53 and bbq03), all encoding hypothetical proteins, were dually transcribed by RpoS and RpoD only in 175 

DMCs. 176 

Genes upregulated by RpoS only during tick transmission (Supplemental Table 6). Forty-four genes 177 

were designated ‘tick-only’ because they were upregulated by RpoS only in feeding nymphs and not DMCs. 178 

Forty of the 44 were transcribed exclusively by RpoS in fed nymphs, while the remaining four 179 

(bb0418/dipA, bb0637/nhaC1, bb0729/gltP and bbh09) were  dually transcribed by RpoS and RpoD with 180 

a significant contribution to their expression from the former sigma factor. In contrast, in DMCs, all 44 181 

were either transcribed exclusively by RpoD or dually transcribed but the contribution of RpoS to their 182 

expression was not statistically significant. Thus, the sigma factor selectivity for genes in this group differs 183 

within ticks and mammals, with significant upregulation by RpoS occurring only in fed nymphs. Nine ‘tick-184 

only’ genes, including the Pfam54_60 paralogs bba64 and bbe31, are required for transmission (35-38). 185 

 Genes upregulated by RpoS only within mammals (Supplemental Table 7). Forty genes were 186 

upregulated by RpoS only within DMCs. Unlike the ‘tick-only’ genes, which are transcribed to varying 187 

extents in ticks and mammals, the vast majority of ‘DMC-only’ RpoS-upregulated genes were expressed 188 
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exclusively in mammals (Supplemental Table 2). Two-thirds (67%) of the ‘DMC-only’ genes appear to be 189 

absolutely RpoS-dependent, including 17 encoded on lp28-2; the contribution of this linear plasmid to 190 

virulence has not been established (11, 39). The remaining 13 ‘DMC-only’ genes, including five related to 191 

motility and chemotaxis (bb0273/fliR, bb0578/mcp-1, bb0669/cheA-2 and bb0670/cheW-3), are dually 192 

transcribed by RpoS and RpoD in mammals.  193 

 Genes repressed by RpoS within mammals (Supplemental Table 8). Seventy-seven RpoS-regulated 194 

genes were expressed at significantly lower levels in WT versus DrpoS in DMCs and, hence, are repressed 195 

by RpoS. RpoS-repressed genes fell into two groups. The first consists of genes that are expressed at 196 

comparable levels by WT and DrpoS Bb in fed nymphs but are strongly repressed by RpoS in DMCs. 197 

Twenty of these tick-phase genes, including bba15/ospA, bba16/ospB, bba62/lp6.6, bba68/BbCRASP1 and 198 

the glp operon (bb0240-0243), were shown previously to be repressed by RpoS in mammals (11, 15, 25). 199 

TBDCapSeq also identified an additional 10 RpoS-repressed genes, including bb0330/oppA3, encoding an 200 

oligopeptide substrate binding protein (31), and bba69, encoding a Pfam54_60 lipoprotein (35). The 201 

remaining 47 RpoS-repressed genes were transcribed by WT Bb at comparably low levels in feeding 202 

nymphs and DMCs but showed increased expression in the absence of RpoS in DMCs. This second 203 

category of RpoS-repressed genes includes three closely-related Pfam54_60 paralogs (bbi36, bbi38 and 204 

bbi39) (35) and bbd18, encoding a known regulator of RpoS protein levels (40, 41). Given its importance 205 

to the RpoS pathway, we confirmed the expression profile for bbd18 by qRT-PCR. bbd18 was transcribed 206 

at virtually identical low levels in fed nymphs and DMCs but was upregulated 10-fold in DMC-cultivated 207 

DrpoS Bb (Supplemental Figure 1). Presumably, RpoS-mediated repression of bbd18 in mammals ensures 208 

that levels of this regulatory protein remain low in mammals, when RpoS is essential.  209 

 210 
Genes differentially regulated in feeding nymphs and/or mammals independent of RpoS. A dividend 211 

of TBDCapSeq is that it enables assessment of the RpoS-independent as well as the RpoS-dependent 212 

components of the transcriptome in ticks and mammals (Supplemental Table 9). Examination of 213 

hierarchical clustering and PCA plots for DrpoS in fed nymphs and DMCs (Figure 2) suggested that RpoS-214 
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independent, differentially-expressed genes comprise a substantial component of the WT transcriptomes in 215 

these two milieus. After excluding RpoS-regulated genes, 250 genes differed by >3-fold between feeding 216 

nymphs and DMCs (Supplemental Table 9). Seventy-five genes were expressed at higher levels in fed 217 

nymphs, 175 were higher in DMCs. Most of the RpoS-independent genes upregulated in feeding nymphs 218 

encode proteins with housekeeping functions (i.e., DNA replication, cell division, protein translation and 219 

turnover) or functions related to nutrient acquisition and intermediary metabolism. Utilization of alternate 220 

carbon sources is critical to spirochete fitness in ticks (42, 43). Five genes (bb0166/malQ, bb0367, 221 

bb0557/ptsH-2, bb0559/crr and bb0629/fruA-2) encode components of the phosphoenolpyruvate-222 

dependent sugar phosphotransferase system, the spirochete’s central pathway for carbohydrate transport, 223 

(42, 43) and could be involved in uptake of alternative carbon sources. Eight are related to cell wall 224 

biosynthesis, including the chitobiose transporter (bbb04-06/chbCAB), bb0151/nagA, bb0201/murE and 225 

bb0841/arcA. Increased expression of chb is particularly noteworthy given that chitobiose can be used for 226 

energy generation as well as cell wall biosynthesis (20, 44). Lastly, three encode putative regulatory 227 

proteins – BB0355, a CarD-like transcriptional regulator required for transmission (45), BB0785/SpoVG, 228 

a tick-phase DNA/RNA-binding protein of undetermined function (46, 47) and BB0047/BpuR, a 229 

DNA/RNA-binding protein upregulated in feeding ticks (48) (Supplemental Table 4). Six of the 75 RpoS-230 

independent genes (bb0166/malQ, spoVG, bbb04-06/chbCAB and bbb07) expressed at higher levels in fed 231 

nymphs are upregulated by c-di-GMP in vitro (10).  232 

While a large majority (78%) of RpoS-independent genes upregulated in DMCs encode 233 

hypothetical proteins, 14 encode gene products related to DNA replication (bb0455, bb0552/ligA, 234 

bb0632/recD), influx/efflux of small molecules (bb0642/potA and bb0641/potB), biosynthesis of metabolic 235 

cofactors (bb0782/nadD, bb0589/pta), purine salvage (bb0384/bmpC, bb0467, bb0524 and bbb23) and 236 

maintenance of the cell envelope (bb0304/murF, bb0586/femA, and bb0721/pgsA) (49-54). Also 237 

noteworthy, bb0733/plzA, which has a virulence-related function in mice unrelated to binding of c-di-GMP 238 

(23-25), was upregulated in DMCs compared to fed nymphs. With the exception of rrp1, which was slightly 239 
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higher in mammals, all other known or putative regulatory factors (7) were expressed at comparable levels 240 

in both milieus (Supplemental Table 4).  241 

 242 

Liganded-PlzA impairs RpoS-mediated repression and diminishes transcription of some RpoS-243 

upregulated genes. Using a strain (cDGC) that constitutively synthesizes c-di-GMP in mammals, we 244 

previously demonstrated that liganded-PlzA acts as a ‘brake’ on RpoS-dependent gene regulation, 245 

antagonizing RpoS-mediated repression and diminishing expression of RpoS-upregulated genes (25). 246 

These data led us to propose that liganded-PlzA is a principal determinant of the RpoS regulon during 247 

transmission and, moreover, that transition to the mammalian host-phase RpoS regulon requires cessation 248 

of c-di-GMP synthesis. To garner support for this notion on a genome-wide scale, we performed 249 

TBDCapSeq on isogenic WT, cDGC and cDGCDplzA strains cultivated in DMCs (Supplemental Tables 5-250 

8). As noted previously (25), transcripts for rpoS were unaffected by either increased c-di-GMP or loss of 251 

PlzA (Supplemental Table 4). In contrast, liganded-PlzA had a striking effect on the RpoS regulon. Of the 252 

77 genes repressed by RpoS in DMCs, 57, including 26 of the 30 tick-phase genes noted above, were 253 

expressed at significantly higher levels in cDGC compared to WT. In every case, deletion of plzA restored 254 

RpoS-mediated repression in the cDGCDplzA strain. The modulatory effect of liganded-PlzA in mammals 255 

also extended to 17 RpoS-upregulated genes. Expression of 10 RpoS core genes, including ospC, dbpA, 256 

bbk32 and vlsE1, and seven ‘DMC-only’ genes decreased significantly in the cDGC strain compared to 257 

WT; all but two (bb0580 and bb0578/mcp-1) are absolutely RpoS-dependent. In all but one case, deletion 258 

of PlzA in the cDGC strain restored RpoS-upregulation to wild-type levels; vlsE1, the sole outlier, was 259 

transcribed at lower levels in the cDGC strain in a PlzA-independent manner (Supplemental Table 5). 260 

Expression of vlsE also requires the trans-acting factor YebC (55). The negative effect of c-di-GMP on 261 

RpoS-upregulation of vlsE raises the possibility that YebC is c-di-GMP-regulated through some unknown 262 

mechanism. Of note, four ‘tick-only’ RpoS-upregulated genes (bbh32, bbk01 and erpA/B) were transcribed 263 

at higher levels by cDGC in a PlzA-dependent manner. A question that arises from the above data is whether 264 
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liganded-PlzA acts predominantly on genes within the RpoS regulon. As illustrated by the PCA plot and 265 

hierarchical clustering (Figure 3), synthesis of c-di-GMP in mammals appears to shift the transcriptome of 266 

cDGC towards that of DrpoS, while cDGCDplzA clustered closely with WT (Figure 3A). Collectively, these 267 

data suggest that the modulatory effect of c-di-GMP on RNAP-RpoS is largely PlzA-dependent and that 268 

the influence of liganded-PlzA outside of the RpoS regulon is negligible.  269 

 270 

Persistence of Bb infection in mice requires RpoS and involves RpoS-mediated repression of tick-271 

phase genes. Using a DrpoS strain complemented in trans (11), we previously demonstrated that loss of 272 

the complementing plasmid placed spirochetes at a disadvantage for up to 20 weeks following needle 273 

inoculation, supporting a requirement for RpoS during persistent infection. These studies also suggested 274 

that RpoS-mediated repression is maintained throughout infection. To confirm the requirement for RpoS-275 

upregulated genes and RpoS-mediated repression for persistence, we developed a ΔrpoS strain 276 

(DrpoS/irpoS) harboring an IPTG-inducible copy of the rpoS gene inserted into the highly-stable 277 

endogenous cp26 plasmid (25). When cultivated in vitro, DrpoS/irpoS expressed RpoS and prototypical 278 

RpoS-upregulated gene products in an IPTG concentration-dependent manner (Supplemental Figure 2A). 279 

As previously reported (56), over-expression of rpoS (i.e., >50  µM IPTG) was toxic (Supplemental Figure 280 

2B). To determine whether physiological levels of RpoS can be induced in DrpoS/irpoS within animals, we 281 

implanted DMCs containing DrpoS/irpoS into rats receiving IPTG in their drinking water. Oral 282 

administration of IPTG yielded levels of RpoS and RpoS-upregulated proteins and repression of OspA and 283 

GlpD at levels comparable to those of DMC-cultivated WT Bb (Figure 4A). By immunoblot, we also 284 

confirmed the RpoS-dependence of vlsE1 revealed by RNAseq (Figure 4A).   285 

Having established that DrpoS/irpoS Bb host-adapts normally in rats given IPTG, we used this 286 

strain to assess the contribution of RpoS to persistence in mice. First, we confirmed the infectivity of 287 

DrpoS/irpoS by inoculating C3H/HeJ mice. As shown in Table 1, nearly all tissues from mice infected with 288 

either WT (receiving untreated water) or DrpoS/irpoS (receiving IPTG-treated water) were culture-positive 289 
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at 2-weeks post-inoculation, while untreated mice infected with DrpoS/irpoS were culture-negative. Tilly 290 

and colleagues (57, 58) previously established that OspC is dispensable for infectivity by ~21 days post-291 

inoculation. To avoid an OspC-related phenotype in our persistence experiments, C3H/HeJ mice infected 292 

with DrpoS/irpoS were maintained on IPTG-treated water for at least 4 weeks post-inoculation (Figure 5A). 293 

At the 4-week time point, IPTG was removed from half of the DrpoS/irpoS-infected mice, while the other 294 

half was maintained on IPTG-treated water. At 6- and 8-weeks post-inoculation, WT- and DrpoS/irpoS-295 

infected mice maintained on IPTG were culture positive from most tissues (Table 2). However, two weeks 296 

after stopping IPTG-treatment (6-week post-inoculation), only 4/30 tissues from DrpoS/irpoS-infected mice 297 

were culture-positive, with a single positive site per animal. All tissues from DrpoS/irpoS-infected mice 298 

were culture-negative 4 weeks after discontinuation of IPTG treatment. Antibodies against OspC were 299 

detected in sera from all mice at 8-weeks post-inoculation (Figure 5B). Strikingly, DrpoS/irpoS-infected 300 

mice mounted strong anti-OspA responses after discontinuation of IPTG-treatment, whereas OspA 301 

antibodies were not detected in DrpoS/irpoS-infected mice that continued to receive IPTG (Figure 5B). 302 

To investigate whether antibodies are responsible for clearance of DrpoS/irpoS following 303 

withdrawal of IPTG, we repeated the above experiment using NOD.Cg-Prkdcscid/J (scid) mice. As with 304 

C3H/HeJ mice, scid mice inoculated with DrpoS/irpoS and maintained on IPTG-treated water for the entire 305 

experiment, as well as mice infected with WT Bb, were culture positive 6- and 8-weeks post-inoculation 306 

(Table 2). Two weeks after discontinuation of IPTG treatment, DrpoS/irpoS spirochetes were recovered 307 

from 9/30 tissue sites cultured. Four weeks after removal of IPTG, only 3/30 sites from DrpoS/irpoS-308 

infected mice were culture-positive. Collectively, these data demonstrate that the requirement for RpoS 309 

extends beyond early infection and that RpoS-dependent factors functionally unrelated to adaptive 310 

immunity also are required to sustain infection.  311 

 312 

BosR is essential for transcriptional as well as repressive functions of RpoS. In addition to serving as 313 

an activator for RpoN-dependent transcription of rpoS, BosR also has been proposed as a repressor for ospA 314 
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and other tick-phase genes (59, 60). The latter studies, however, were conducted in vitro and failed to 315 

divorce the requirement of BosR for RpoN-dependent transcription of rpoS from its putative repressor 316 

function. We reasoned that our IPTG-inducible irpoS allele, which dissociates transcription of rpoS from 317 

the Rrp2/BosR/RpoN complex, could be used to clarify the contribution of BosR to RpoS-mediated 318 

repression. Accordingly, we inactivated bosR in DrpoS/irpoS, generating the strain DbosRDrpoS/irpoS. 319 

During in vitro cultivation without IPTG, DbosRDrpoS/irpoS expressed neither RpoS nor OspC, whereas 320 

both were expressed in a dose-dependent manner when IPTG was added to the culture medium 321 

(Supplemental Figure 2C). Surprisingly, deletion of bosR ameliorated RpoS toxicity at IPTG concentrations 322 

above 50  µM (Supplemental Figure 2D). Although DbosRDrpoS/irpoS Bb cultivated in IPTG-treated rats 323 

expressed wild-type levels of RpoS, we observed noticeably lower levels of OspC, DbpA, BBK32 and VlsE 324 

along with incomplete repression of OspA and GlpD; this protein profile was strikingly similar to that of 325 

DMC-cultivated cDGC (Figure 4A). Complementation of DbosRDrpoS/irpoS was technically challenging 326 

due to the paucity of antibiotic-resistance markers available for selection in Bb. As an alternative, we 327 

generated a DbosR/irpoS strain that retains the native rpoS gene. Like DbosRDrpoS/irpoS, DbosR/irpoS 328 

grew normally in vitro in the presence of >50  µM IPTG (Supplemental Figure 2E) and showed 329 

dysregulation of RNAP-RpoS function when cultivated in IPTG-treated rats (Figure 4B). Complementation 330 

of bosR in the DbosR/irpoS background (bosRcomp) restored RpoS-mediated toxicity during in vitro 331 

cultivation with >50  µM IPTG (Supplemental Figure 2F) as well as RpoS-dependent facets of mammalian 332 

host-adaption in rats given IPTG (Figure 4B). Moreover, unlike DrpoS/irpoS, DbosRDrpoS/irpoS was 333 

avirulent in C3H/HeJ and scid mice treated with IPTG (Table 3), demonstrating that murine infectivity 334 

requires BosR as well as RpoS. 335 

We next performed RNAseq on DMC-cultivated DbosRDrpoS/irpoS Bb with and without IPTG to 336 

determine the RpoN-independent contribution of BosR to shaping the RpoS regulon in mammals 337 

(Supplemental Table 3). Of the 92 RpoS-upregulated genes in DMCs (52 core and 40 DMC-only), 53 338 

required BosR for transcription as they were not upregulated in the DbosRDrpoS/irpoS strain under inducing 339 
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conditions (Supplemental Table 5 and 7). Moreover, all but two of the remaining 39 RpoS-upregulated 340 

genes showed lower folds of regulation in the absence of BosR. For example, transcripts for ospC increased 341 

by only 14-fold following induction of RpoS in DbosRDrpoS/irpoS compared to 984-fold in WT vs. DrpoS 342 

(Supplemental Tables 3 and 5). Indeed, the immunoblots for OspC, DbpA and BBK32 revealed that these 343 

transcriptional differences appear to be biologically relevant at the protein level (Figure 4A). Most 344 

strikingly, 75 of 77 RpoS-repressed genes were not downregulated in DbosRDrpoS/irpoS despite induction 345 

of RpoS (Supplemental Table 8). The above results indicate that RNAP-RpoS function in mammals is 346 

highly dependent on BosR. This conclusion is supported by PCA and hierarchical clustering analyses 347 

(Figure 3), which suggest similarity between the transcriptomes of DrpoS and DbosRDrpoS/irpoS in IPTG-348 

treated rats. In contrast, the effect of liganded-PlzA on RpoS-dependent gene regulation was selective, 349 

affecting only 55 of 75 BosR/RpoS-repressed genes (Supplemental Table 8) and 16 of 90 BosR/RpoS-350 

upregulated genes in DMCs (Supplemental Tables 5 and 7).  351 

  352 
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Discussion 353 

The ability of microorganisms to adapt rapidly and reversibly to endogenous and exogenous signals is 354 

essential for survival in dynamic, often hostile, environments. Consequently, most bacteria have evolved a 355 

general stress response to defend against the initiating threat as well as seemingly unrelated stresses (61, 356 

62). In E. coli and other  g-proteobacteria these broad adaptive responses are coordinated by the alternative 357 

s factor ss/RpoS (61, 62). The strict dual host lifestyle of Bb, on the other hand, presents Lyme disease 358 

spirochetes with predictable exogenous and endogenous signals that have enabled them to develop 359 

programmatic transcriptional responses for each phase of the enzootic cycle (7, 16). The requirement for c-360 

di-GMP, acting primarily through PlzA, during tick feeding has established the importance of this second 361 

messenger for vector adaptation (7, 16). Bb also has appropriated an RpoS distantly related to its Gram-362 

negative prototype to regulate a parallel adaptive response required for migration out of the nymphal midgut 363 

but which, unlike c-di-GMP signaling, continues following transmission (7, 11). TBDCapSeq revealed that 364 

the RpoS-ON state during transmission and mammalian infection produces distinct transcriptional profiles 365 

based on the presence or absence of c-di-GMP, respectively. These results mirror recent findings 366 

demonstrating that the c-di-GMP effector PlzA toggles between tick- and mammalian-phase conformations 367 

based on c-di-GMP binding (11, 63). Functional overlap between these evolutionarily related sigma factors 368 

RpoS and RpoD is well-recognized in other bacteria (64-67). Herein we show that BosR and liganded-PlzA 369 

function in a reciprocal manner to contour the RpoS regulon in ticks and mammals by modulating promoter 370 

recognition by RNAP-RpoS and RNAP-RpoD.  371 

 It is universally accepted that Bb’s Fur ortholog BosR forms a complex with RNAP-RpoN and the 372 

response regulator Rrp2 to transcribe rpoS (7) (Figure 6). Whether BosR serves additional transcriptional 373 

role(s) has been a matter of debate. Seshu, Hyde and colleagues (68, 69) reported that BosR activates an 374 

oxidative stress response in vitro following exposure to t-butyl peroxide. By TBDCapSeq, however, we 375 

saw no differences in transcript levels for putative BosR-dependent genes (i.e., napA and sod) associated 376 

with detoxification of reactive oxygen species in ticks or DMCs. We note that our study was not designed 377 
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to identify putative BosR-dependent, RpoS-independent genes. Shi et al. (60) found that when expressed 378 

at supra-physiological levels in vitro in a DrpoS strain, BosR binds to cis sites upstream of the ospA 379 

promoter to block transcription by RNAP-RpoD. Prior studies by us, as well as those herein, showed clearly 380 

that RpoS-mediated repression of tick-phase genes, including ospA, is a mammalian host-phase 381 

phenomenon that does not occur in the absence of RpoS (11, 15, 70). Our experiments with a Bb strain that 382 

expresses an IPTG-inducible rpoS in a DbosR background resolved these ostensibly discordant findings in 383 

an unexpected manner – RNAP-RpoS is unable to downregulate tick-phase genes without BosR, implying 384 

that repression requires a collaboration between the two. Moreover, collaboration between BosR and 385 

RNAP-RpoS extends beyond repression of prototypical tick-phase genes. TBDCapSeq revealed a second 386 

group of BosR/RpoS-repressed genes, exemplified by bbd18, that are transcribed exclusively by RNAP-387 

RpoD in feeding nymphs and DMCs (Supplemental Table 2). In the absence of RpoS, however, transcript 388 

levels for these genes are significantly increased only in mammals. We interpret these data to mean that the 389 

promoters for these genes are recognized RNAP-RpoD more efficiently in mammals and that RpoS-390 

mediated repression is required to ensure basal levels of expression during infection. Negative regulation 391 

by competing sigma factors (i.e., promoter occlusion) is well-recognized in other bacteria, including E. coli 392 

(71, 72). In the case of bbd18, derepression following acquisition by a naive  vector, when RpoN-dependent 393 

transcription of rpoS is OFF, likely enhances degradation of residual RpoS to facilitate midgut colonization 394 

(41). Remarkably, BosR also was required for optimal expression of many RpoS-upregulated genes in 395 

DMCs, indicating that it functions as a transcriptional activator for RpoS as well as for RpoN.  396 

 Canonical Furs repress transcription by metal-dependent binding to DNA at one or more conserved 397 

palindromic sites (Fur boxes), thereby blocking promoter recognition by RNAP-RpoD (73, 74). Ouyang et 398 

al. (75) previously identified BosR boxes upstream of rpoS. However, only a handful of RpoS-regulated 399 

genes identified by TBDCapSeq contain putative BosR boxes within their upstream regions (75); thus, it 400 

seems unlikely that DNA binding by BosR is a prerequisite for all of its modulatory functions. In other 401 

bacteria, factors designated sigma activators regulate promoter recognition by RNAPs, including RNAP-402 
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RpoS, without binding to specific DNA sequences (76, 77). In E. coli, the RpoS-specific sigma activator 403 

Crl facilitates and stabilizes holoenzyme assembly by tethering RpoS to RNAP via the b’ subunit clamp 404 

toe domain (76, 78, 79). Although structurally unrelated to Crl, BosR could be acting analogously by 405 

recruiting RNAP to RpoS-dependent promoters in addition to DNA binding. BosR is predicted to have 406 

noncanonical structural features that potentially explain its postulated ability to interact with DNA and 407 

RNAP-RpoS (Supplemental Figure 4). It contains an elongated, C-terminal intrinsically disordered region 408 

(IDR) reminiscent of another RpoS-specific sigma activator, Pseudomonas aeruginosa SutA, whose C-409 

terminal IDR stabilizes its interaction with RNAP (80, 81). Although BosR contains a highly conserved 410 

structural metal-binding site (i.e., CxxC motif,), which is required for dimerization, it lacks a recognizable 411 

regulatory metal binding site (7). BosR also contains an additional a-helix within its N-terminal DNA-412 

binding domain (82, 83). Previously we mapped the RpoS repression site for ospA to within 47 nucleotides 413 

upstream of the transcriptional start site (70). Conceivably, DNA binding by BosR is particularly important 414 

for anchoring RNAP-RpoS holoenzyme at or near the promoters for tick-phase genes, blocking recognition 415 

by RNAP-RpoD. Along these same lines, the BosR-dependent toxicity associated with overexpression of 416 

RpoS in vitro likely reflects overexpression of RpoS-upregulated genes and/or reduced expression of one 417 

or more essential gene products due to competition with RNAP-RpoD (84).  418 

The mechanism by which liganded-PlzA serves as the effector for c-di-GMP-dependent survival 419 

in ticks remains unclear. Klebsiella pneumoniae MrkH, a c-di-GMP-dependent transcriptional activator and 420 

PlzA ortholog (25, 85), provides a structural framework for deconvoluting PlzA’s global regulatory 421 

functions. Binding of c-di-GMP by MrkH induces conformational changes that enable it to bind to DNA 422 

and the C-terminal domain of RNAP a subunit (a-CTD) (85). As with MrkH, c-di-GMP binding by PlzA 423 

brings together its N-terminal PilZN3 and C-terminal PilZ β-barrels and likely positions three positively 424 

charged helices within the PilZN3 domain to create a potential interface for DNA binding (25, 63, 86). 425 

Based on an analysis of PlzA-dependent expression of glpF, the prototypical c-di-GMP-regulated, tick-426 

phase gene, Zhang et al. (87) proposed that PlzA interacts directly with RNAP-RpoD. Our prior and current 427 



 19 

results are in accord with this supposition (10, 25). Tan et al. (85) identified five surface-exposed residues 428 

on the a-CTD required for MrkH-dependent transcription of the mrkHI operon; all five residues (L271, 429 

R276, N279, C280 and E284) are conserved in Bb a-CTD. Unlike MrkH, PlzA also modulates RNAP-430 

RpoS function, an activity which, to our knowledge, has not been described for other c-di-GMP-dependent 431 

trans-activators. The reciprocal effects of liganded-PlzA and BosR, observed for cDGC and 432 

DbosRDrpoS/irpoS, at the transcriptional and protein levels, is compelling evidence that liganded-PlzA 433 

exerts its ‘brake effect’ on RNAP-RpoS via BosR. This supposition leads to two possible scenarios (Figure 434 

6). One is that liganded-PlzA prevents BosR from interacting with RNAP-RpoS or displaces RpoS from 435 

the RNAP holoenzyme complex. The other is that BosR remains bound to RNAP-RpoS, but liganded-PlzA 436 

negates BosR’s trans-activator effect on RNAP-RpoS. Regardless of the mechanism, liganded-PlzA must 437 

be viewed as a major driving force for shaping the RpoS regulon during transmission, preventing repression 438 

of tick-phase genes and fine-tuning RpoS-dependent upregulation. In parallel, release of RpoS-mediated 439 

repression enables liganded-PlzA to positively regulate expression of a subset of tick-phase genes, such as 440 

glps (10, 88), while transcription of other tick-phase genes, such as ospA, by RNAP-RpoD is PlzA-441 

independent (10, 25). That transcription of rpoS by the BosR/Rrp2/RpoN complex is unaffected by 442 

liganded-PlzA (Figure 6) underscores the specificity of these postulated PlzA-BosR interactions for RNAP-443 

RpoS complexed with both BosR and RpoS. As important as liganded-PlzA is for modulating the RpoS 444 

regulon during transmission, the wide divergence between cDGC in DMCs and WT Bb in feeding nymphs 445 

points to substantial input from RpoS-independent regulatory factors, including the three (SpoVG, BpuR 446 

and CarD) identified by TBDCapSeq, in shaping the global Bb transcriptome in ticks.   447 

 During transmission, the RpoS-ON state is transient, remaining active in ticks only during feeding 448 

(~96 hours post-attachment) or perhaps shortly thereafter during the post-repletion period. Not so, however, 449 

in mammals. After establishing themselves at the site of inoculation, Lyme disease spirochetes must not 450 

only disseminate but also persist at metastatic cutaneous sites within a reservoir-competent host long 451 

enough to be acquired by a naïve ixodid vector. Previously Ouyang et al. (12) showed that rpoS transcripts 452 
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could be detected in chronically infected mice but did not examine whether survival of spirochetes during 453 

chronic infection depends upon continuance of RpoS-dependent gene regulation. Use of an IPTG-inducible 454 

rpoS allele (irpoS) confirmed that RpoS is absolutely required for persistence in mice. Moreover, the 455 

appearance of OspA antibodies is compelling evidence that continued expression of RpoS also sustains the 456 

repression of tick-phase genes. Clearance of DrpoS/irpoS spirochetes, however, was not immediate. The 457 

mammalian host-phase regulon provides multiple, mutually non-exclusive explanations for the delayed 458 

killing of organisms deprived of RpoS. Spirochetes unable to downregulate OspA cannot survive in mice 459 

(89). One, therefore, is that derepression of tick-phase lipoproteins elicits a protective antibody response. 460 

Spirochetes lacking the vls locus or unable to undergo recombinatorial switching are markedly attenuated 461 

in immunocompetent mice (30). Only recently has it become apparent that transcription of vlsE, the 462 

expression site for variable Vls lipoproteins, is RpoS-dependent (11). Parenthetically, since expression of 463 

vlsE requires the YebC transcriptional factor (55), this result implies that YebC collaborates with RNAP-464 

RpoS. Loss of BBK32 would render spirochetes sensitive to antibody-mediated killing by the classical 465 

complement pathway, compounding the effects of antibody production to dysregulated tick-phase proteins 466 

and loss of VlsE defenses (32, 33). Infectivity data for DrpoS/irpoS in scid mice argue that factors unrelated 467 

to adaptive immunity also contribute to clearance. The RpoS DMC regulon encodes multiple gene products 468 

involved in nutrient acquisition (e.g., OppA5), evasion of complement-mediated killing (e.g., OspEs), and 469 

chemotaxis (11, 90-93).  470 

Comprehensive understanding of how RpoS sustains persistence will require interrogation of 471 

individual RpoS-regulated gene products throughout the mammalian host phase. Once acquired by a naïve 472 

tick, rapid reversion to the RpoS-OFF state (11-13) enables unconstrained expression of tick-phase genes. 473 

While we now possess considerable insights into the mechanisms that regulate the contours of the RpoS 474 

regulon, we have none into the underlying phenomenon - how Bb distinguishes between the acquisition and 475 

transmission blood meals to determine whether RpoS should be ON or OFF.  476 
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Methods 477 

Cultivation of bacterial strains. Bacterial strains and plasmids used in these studies are described in 478 

Supplemental Tables 10 and 13, respectively. Details regarding routine cultivation of E. coli and B. 479 

burgdorferi in vitro and in DMCs are provided in Supplemental Methods.  480 

 481 

Routine DNA manipulation and cloning. Oligonucleotide primers used in these studies (Supplemental 482 

Table 11) were purchased from Sigma-Aldrich (St. Louis, MO). Routine cloning was performed by In-483 

Fusion HD Cloning (TaKaRa Bio USA, Inc., San Jose, CA). Routine and high-fidelity PCR amplifications 484 

were performed using RedTaq (Denville Scientific, Holliston, MA) and CloneAmp HiFi (TaKaRa Bio 485 

USA, Inc.), respectively. B. burgdorferi strains were transformed by electroporation (94). Details regarding 486 

generation of Bb strains expressing an IPTG-inducible rpoS allele and IPTG-induction are described in 487 

Supplemental Methods. 488 

 489 

Murine and tick infection studies. Female C3H/HeJ or NOD.Cg-Prkdscid/J (scid) mice (Jackson 490 

Laboratories, Bar Harbor, ME) were inoculated with 105 organisms via intradermal injection. Four to 8-491 

weeks post-inoculation, animals were sacrificed, and blood and tissues were collected for serology and 492 

culturing, respectively. Pathogen-free Ixodes scapularis larvae were purchased from Oklahoma State 493 

University Tick Rearing Facility (Stillwater, OK). Naïve larvae were infected by immersion (95), fed to 494 

repletion on naïve C3H/HeJ mice, and allowed to molt. Infected nymphs were fed on naïve C3H/HeJ mice 495 

until fully engorged as previously described (13, 96).  496 

 497 

SDS-PAGE and immunoblotting. Details regarding routine SDS-PAGE and immunoblotting of B. 498 

burgdorferi are provided in Supplemental Methods. Polyclonal antisera against FlaB (97), OspC (11), 499 

DbpA (98), GlpD (99), RpoS (100) and OspA (11) were previously described. Antisera against BBK32 500 

C1/C1r domain (33) and VlsE C6 peptide (101) were generated by immunizing Sprague-Dawley rats 501 
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(Envigo RMS, Inc., Indianapolis, IN) with the corresponding purified, recombinant His-tagged protein as 502 

previously described (102).  503 

 504 

RNA sequencing. Detailed methods for TBDCapSeq and conventional RNAseq are provided in 505 

Supplemental Methods. A schematic overview of TBDCapSeq is presented in Figure 1. Total RNA was 506 

isolated from engorged nymphs or DMCs as previously described (11), converted to cDNA using 507 

SuperScript IV (ThermoFisher Scientific, Waltham, MA), treated with RNase H, followed by second-strand 508 

synthesis with Klenow fragment (New England Biolabs, Ipswich, MA). Libraries were prepared with the 509 

KAPA Hyperplus kit (Roche, Indianapolis, IN) using 25–50 ng of input material according to 510 

manufacturer’s instructions. Amplified libraries were quantified equalized, pooled. 1 μg of library pool was 511 

mixed with 5 μg of COT Human DNA (ThermoFisher Scientific) and 2 nmol of Blocking Oligo pool 512 

(Roche) and then dehydrated. To enrich for Bb-specific transcripts, the dried pool was resuspended in 7.5 μl 513 

Hybridization Buffer and 3 μl Hybridization Component A (Roche) and heated at 95°C for 5 min before 514 

the addition of 4.5 μl of custom biotinylated TBD SeqCap EZ Probes (26, 27). The mixture was heated at 515 

95°C for 5 min then incubated at 47°C for 16–20 h. After incubation, the probes were pulled down using 516 

magnetic streptavidin SeqCap Capture beads (Roche) and washed with buffers of decreasing stringency 517 

(SeqCap EZ Hybridization and Wash Kit; Roche). The Bb-enriched material was then amplified for 16 518 

cycles using Illumina universal primers with KAPA HiFi HotStart Ready Mix (Roche), quantified on a 519 

TapeStation 4200 (Agilent Technologies, Santa Clara, CA, USA), and sequenced on a NextSeq2000 520 

(Illumina, Inc., San Diego, CA) that generated 150 nt single-end reads. Raw read data for conventional and 521 

TBDCapSeq were processed, mapped and analyzed as describe in Supplemental Methods. Raw data have 522 

been deposited in the NCBI Sequence Read Archive (SRA) database (PRJNA881286; Supplemental Table 523 

1). 524 

 525 

Statistics. Pairwise qRT-PCR comparisons were evaluated by unpaired Student’s t-test with two tailed p 526 

values and a 95% confidence interval using Prism v8.4.3 (GraphPad Software, San Diego, CA). A p value 527 
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of less than 0.05 was considered statistically significant. Differential gene expression was calculated for 528 

RNAseq datasets using DESeq2 (103). Genes that differed ≥3-fold with a False Discovery Rate (FDR)-529 

adjusted p-value (q-value) ≤ 0.05 were considered differentially expressed. 530 

 531 

Study approval. All experiments involving animals were approved by the UConn Health Institutional 532 

Animal Care and Use Committee. 533 

  534 



 24 

Author Contribution. Conceptualization – MJC, AAG, AMG, JDR and RT; Experimentation - MJC, AAG, CG, 535 

AMG, MM and RT; Formal analysis – MJC, AAG and JDR; Methodology – MJC, AAG, AMG, GO and RT; 536 

Supervision – MJC, AAG and JDR; Writing – original draft – MJC, AAG and JDR; Writing – review and editing 537 

– MJC, AAG, AMG, JDR and RT. 538 

 539 

Acknowledgements The authors thank Brandon Garcia (East Carolina University, Greenville, NC) for providing 540 

recombinant BBK32-His for immunization. We also thank Bo Reese (UConn Center for Genome Innovation, Storrs, 541 

CT) and Komal Jain, Alper Gokden, and Santiago Sanchez-Vicente (Columbia University, New York, NY) for their 542 

technical assistance and expertise with RNAseq. 543 

 544 

Funding. This work was supported by the National Institutes of Health/National Institute for Allergy and Infectious 545 

Diseases (R01AI029735 and R21AI39940 to MJC and JDR; R21AI126146 to MJC), the Global Lyme Alliance 546 

(AMG), and NIAID Intramural Research Program (AMG). RT was supported in part by the Steven & Alexandra 547 

Cohen foundation MJC and JDR are supported in part by Connecticut Children’s Medical Center. The funders had 548 

no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. 549 

 550 

Competing Interests. The authors have declared that no competing interests exist.  551 

  552 



 25 

REFERENCES 553 

 554 

1. Radolf JD, Strle K, Lemieux JE, and Strle F. Lyme disease in humans. Curr Issues Mol Biol. 555 
2021;42:333-84. 556 

2. Kugeler KJ, Schwartz AM, Delorey MJ, Mead PS, and Hinckley AF. Estimating the frequency of 557 
Lyme Disease diagnoses, United States, 2010-2018. Emerg Infect Dis. 2021;27(2):616-9. 558 

3. Barbour AG. Infection resistance and tolerance in Peromyscus spp., natural reservoirs of microbes 559 
that are virulent for humans. Semin Cell Dev Biol. 2017;61:115-22. 560 

4. Telford SR, 3rd, and Goethert HK. Perpetuation of Borreliae. Curr Issues Mol Biol. 2020;42:267-561 
306. 562 

5. Kurtenbach K, Hanincova K, Tsao JI, Margos G, Fish D, and Ogden NH. Fundamental processes 563 
in the evolutionary ecology of Lyme borreliosis. Nat Rev Microbiol. 2006;4(9):660-9. 564 

6. Radolf JD, Caimano MJ, Stevenson B, and Hu LT. Of ticks, mice and men: understanding the dual-565 
host lifestyle of Lyme disease spirochaetes. Nat Rev Microbiol. 2012;10(2):87-99. 566 

7. Samuels DS, Lybecker MC, Yang XF, Ouyang Z, Bourret TJ, Boyle WK, et al. Gene regulation 567 
and transcriptomics. Curr Issues Mol Biol. 2021;42:223-66. 568 

8. Hubner A, Yang X, Nolen DM, Popova TG, Cabello FC, and Norgard MV. Expression of Borrelia 569 
burgdorferi OspC and DbpA is controlled by a RpoN-RpoS regulatory pathway. Proc Natl Acad 570 
Sci U S A. 2001;98(22):12724-9. 571 

9. Fraser CM, Casjens S, Huang WM, Sutton GG, Clayton R, Lathigra R, et al. Genomic sequence of 572 
a Lyme disease spirochaete, Borrelia burgdorferi. Nature. 1997;390(6660):580-6. 573 

10. Caimano MJ, Dunham-Ems S, Allard AM, Cassera MB, Kenedy M, and Radolf JD. Cyclic di-574 
GMP modulates gene expression in Lyme disease spirochetes at the tick-mammal interface to 575 
promote spirochete survival during the blood meal and tick-to-mammal transmission. Infect 576 
Immun. 2015;83(8):3043-60. 577 

11. Caimano MJ, Groshong AM, Belperron A, Mao J, Hawley KL, Luthra A, et al. The RpoS 578 
gatekeeper in Borrelia burgdorferi: an invariant regulatory scheme that promotes spirochete 579 
persistence in reservoir hosts and niche diversity. Front Microbiol. 2019;10:1923. 580 

12. Ouyang Z, Narasimhan S, Neelakanta G, Kumar M, Pal U, Fikrig E, et al. Activation of the RpoN-581 
RpoS regulatory pathway during the enzootic life cycle of Borrelia burgdorferi. BMC Microbiol. 582 
2012;12:44. 583 

13. Dunham-Ems SM, Caimano MJ, Eggers CH, and Radolf JD. Borrelia burgdorferi requires the 584 
alternative sigma factor RpoS for dissemination within the vector during tick-to-mammal 585 
transmission. PLoS Pathog. 2012;8(2):e1002532. 586 

14. Caimano MJ. Generation of mammalian host-adapted Borrelia burgdorferi by cultivation in 587 
peritoneal dialysis membrane chamber implantation in rats. Methods Mol Biol. 2018;1690:35-45. 588 

15. Caimano MJ, Iyer R, Eggers CH, Gonzalez C, Morton EA, Gilbert MA, et al. Analysis of the RpoS 589 
regulon in Borrelia burgdorferi in response to mammalian host signals provides insight into RpoS 590 
function during the enzootic cycle. Mol Microbiol. 2007;65(5):1193-217. 591 

16. Novak EA, Sultan SZ, and Motaleb MA. The cyclic-di-GMP signaling pathway in the Lyme 592 
disease spirochete, Borrelia burgdorferi. Front Cell Infect Microbiol. 2014;4:56. 593 

17. Caimano MJ, Kenedy MR, Kairu T, Desrosiers DC, Harman M, Dunham-Ems S, et al. The hybrid 594 
histidine kinase Hk1 is part of a two-component system that is essential for survival of Borrelia 595 
burgdorferi in feeding Ixodes scapularis ticks. Infect Immun. 2011;79(8):3117-30. 596 

18. He M, Ouyang Z, Troxell B, Xu H, Moh A, Piesman J, et al. cyclic di-GMP is essential for the 597 
survival of the Lyme disease spirochete in ticks. PLoS Pathog. 2011;7(6):e1002133. 598 

19. Kostick JL, Szkotnicki LT, Rogers EA, Bocci P, Raffaelli N, and Marconi RT. The diguanylate 599 
cyclase, Rrp1, regulates critical steps in the enzootic cycle of the Lyme disease spirochetes. Mol 600 
Microbiol. 2011;81(1):219-31. 601 



 26 

20. Sze CW, Smith A, Choi YH, Yang X, Pal U, Yu A, et al. Study of the response regulator Rrp1 602 
reveals its regulatory role in chitobiose utilization and virulence of Borrelia burgdorferi. Infect 603 
Immun. 2013;81(5):1775-87. 604 

21. Caimano MJ, Drecktrah D, Kung F, and Samuels DS. Interaction of the Lyme disease spirochete 605 
with its tick vector. Cell Microbiol. 2016;18(7):919-27. 606 

22. Bontemps-Gallo S, Lawrence K, and Gherardini FC. Two different virulence-related regulatory 607 
pathways in Borrelia burgdorferi are directly affected by osmotic fluxes in the blood meal of 608 
feeding Ixodes ticks. PLoS Pathog. 2016;12(8):e1005791. 609 

23. Kostick-Dunn JL, Izac JR, Freedman JC, Szkotnicki LT, Oliver LD, Jr., and Marconi RT. The 610 
Borrelia burgdorferi c-di-GMP binding receptors, PlzA and PlzB, are functionally distinct. Front 611 
Cell Infect Microbiol. 2018;8:213. 612 

24. Pitzer JE, Sultan SZ, Hayakawa Y, Hobbs G, Miller MR, and Motaleb MA. Analysis of the Borrelia 613 
burgdorferi cyclic-di-GMP-binding protein PlzA reveals a role in motility and virulence. Infect 614 
Immun. 2011;79(5):1815-25. 615 

25. Groshong AM, Grassmann AA, Luthra A, McLain MA, Provatas AA, Radolf JD, et al. PlzA is a 616 
bifunctional c-di-GMP biosensor that promotes tick and mammalian host-adaptation of Borrelia 617 
burgdorferi. PLoS Pathog. 2021;17(7):e1009725. 618 

26. Jain K, Tagliafierro T, Marques A, Sanchez-Vicente S, Gokden A, Fallon B, et al. Development of 619 
a capture sequencing assay for enhanced detection and genotyping of tick-borne pathogens. Sci 620 
Rep. 2021;11(1):12384. 621 

27. Sanchez-Vicente S, Jain K, Tagliafierro T, Gokden A, Kapoor V, Guo C, et al. Capture sequencing 622 
enables sensitive detection of tick-borne agents in human blood. Front Microbiol. 2022;13:837621. 623 

28. Iyer R, Caimano MJ, Luthra A, Axline D, Jr., Corona A, Iacobas DA, et al. Stage-specific global 624 
alterations in the transcriptomes of Lyme disease spirochetes during tick feeding and following 625 
mammalian host adaptation. Mol Microbiol. 2015;95(3):509-38. 626 

29. Ouyang Z, Haq S, and Norgard MV. Analysis of the dbpBA upstream regulatory region controlled 627 
by RpoS in Borrelia burgdorferi. J Bacteriol. 2010;192(7):1965-74. 628 

30. Norris SJ. vls antigenic variation systems of Lyme disease Borrelia: eluding host immunity through 629 
both random, segmental gene conversion and framework heterogeneity. Microbiol Spectr. 630 
2014;2(6). 631 

31. Groshong AM, Dey A, Bezsonova I, Caimano MJ, and Radolf JD. Peptide uptake is essential for 632 
Borrelia burgdorferi viability and involves structural and regulatory complexity of its oligopeptide 633 
transporter. mBio. 2017;8(6). 634 

32. Garcia BL, Zhi H, Wager B, Hook M, and Skare JT. Borrelia burgdorferi BBK32 inhibits the 635 
classical pathway by blocking activation of the C1 complement complex. PLoS Pathog. 636 
2016;12(1):e1005404. 637 

33. Xie J, Zhi H, Garrigues RJ, Keightley A, Garcia BL, and Skare JT. Structural determination of the 638 
complement inhibitory domain of Borrelia burgdorferi BBK32 provides insight into classical 639 
pathway complement evasion by Lyme disease spirochetes. PLoS Pathog. 2019;15(3):e1007659. 640 

34. Ebady R, Niddam AF, Boczula AE, Kim YR, Gupta N, Tang TT, et al. Biomechanics of Borrelia 641 
burgdorferi vascular interactions. Cell Rep. 2016;16(10):2593-604. 642 

35. Brangulis K, Akopjana I, Petrovskis I, Kazaks A, and Tars K. Structural analysis of the outer 643 
surface proteins from Borrelia burgdorferi paralogous gene family 54 that are thought to be the 644 
key players in the pathogenesis of Lyme disease. J Struct Biol. 2020;210(2):107490. 645 

36. Gilmore RD, Jr., Howison RR, Dietrich G, Patton TG, Clifton DR, and Carroll JA. The bba64 gene 646 
of Borrelia burgdorferi, the Lyme disease agent, is critical for mammalian infection via tick bite 647 
transmission. Proc Natl Acad Sci U S A. 2010;107(16):7515-20. 648 

37. Zhang L, Zhang Y, Adusumilli S, Liu L, Narasimhan S, Dai J, et al. Molecular interactions that 649 
enable movement of the Lyme disease agent from the tick gut into the hemolymph. PLoS Pathog. 650 
2011;7(6):e1002079. 651 



 27 

38. Brangulis K, Akopjana I, Petrovskis I, Kazaks A, Zelencova D, Jekabsons A, et al. BBE31 from 652 
the Lyme disease agent Borrelia burgdorferi, known to play an important role in successful 653 
colonization of the mammalian host, shows the ability to bind glutathione. Biochim Biophys Acta 654 
Gen Subj. 2020;1864(3):129499. 655 

39. Purser JE, and Norris SJ. Correlation between plasmid content and infectivity in Borrelia 656 
burgdorferi. Proc Natl Acad Sci U S A. 2000;97(25):13865-70. 657 

40. Dulebohn DP, Hayes BM, and Rosa PA. Global repression of host-associated genes of the Lyme 658 
disease spirochete through post-transcriptional modulation of the alternative sigma factor RpoS. 659 
PLoS One. 2014;9(3):e93141. 660 

41. Hayes BM, Dulebohn DP, Sarkar A, Tilly K, Bestor A, Ambroggio X, et al. Regulatory protein 661 
BBD18 of the lyme disease spirochete: essential role during tick acquisition? mBio. 662 
2014;5(2):e01017-14. 663 

42. Corona A, and Schwartz I. Borrelia burgdorferi: carbon metabolism and the tick-mammal enzootic 664 
cycle. Microbiol Spectr. 2015;3(3). 665 

43. Troy EB, Lin T, Gao L, Lazinski DW, Lundt M, Camilli A, et al. Global Tn-seq analysis of 666 
carbohydrate utilization and vertebrate infectivity of Borrelia burgdorferi. Mol Microbiol. 667 
2016;101(6):1003-23. 668 

44. von Lackum K, and Stevenson B. Carbohydrate utilization by the Lyme borreliosis spirochete, 669 
Borrelia burgdorferi. FEMS Microbiol Lett. 2005;243(1):173-9. 670 

45. Chen T, Xiang X, Xu H, Zhang X, Zhou B, Yang Y, et al. LtpA, a CdnL-type CarD regulator, is 671 
important for the enzootic cycle of the Lyme disease pathogen. Emerg Microbes Infect. 672 
2018;7(1):126. 673 

46. Savage CR, Jutras BL, Bestor A, Tilly K, Rosa PA, Tourand Y, et al. Borrelia burgdorferi SpoVG 674 
DNA- and RNA-binding protein modulates the physiology of the Lyme disease spirochete. J 675 
Bacteriol. 2018;200:e00033-18.(12). 676 

47. Jutras BL, Chenail AM, Rowland CL, Carroll D, Miller MC, Bykowski T, et al. Eubacterial SpoVG 677 
homologs constitute a new family of site-specific DNA-binding proteins. PLoS One. 678 
2013;8(6):e66683. 679 

48. Jutras BL, Savage CR, Arnold WK, Lethbridge KG, Carroll DW, Tilly K, et al. The Lyme disease 680 
spirochete's BpuR DNA/RNA-binding protein is differentially expressed during the mammal-tick 681 
infectious cycle, which affects translation of the SodA superoxide dismutase. Mol Microbiol. 682 
2019;112(3):973-91. 683 

49. Bontemps-Gallo S, Lawrence KA, Richards CL, and Gherardini FC. Borrelia burgdorferi genes, 684 
bb0639-0642, encode a putative putrescine/spermidine transport system, PotABCD, that is 685 
spermidine specific and essential for cell survival. Mol Microbiol. 2018;108(4):350-60. 686 

50. Richards CL, Lawrence KA, Su H, Yang Y, Yang XF, Dulebohn DP, et al. Acetyl-phosphate is not 687 
a global regulatory bridge between virulence and central metabolism in Borrelia burgdorferi. PLoS 688 
One. 2015;10(12):e0144472. 689 

51. Gherardini F, Boylan J, Lawrence K, and Skare J. In: Samuels DS, and Radolf JD eds. Borrelia 690 
Molecular Biology, Host Interaction and Pathogenesis. Norfolk, UK: Caister Academic Press; 691 
2010:103-38. 692 

52. Jain S, Sutchu S, Rosa PA, Byram R, and Jewett MW. Borrelia burgdorferi harbors a transport 693 
system essential for purine salvage and mammalian infection. Infect Immun. 2012;80(9):3086-93. 694 

53. Cuellar J, Astrand M, Elovaara H, Pietikainen A, Siren S, Liljeblad A, et al. Structural and 695 
biomolecular analyses of Borrelia burgdorferi BmpD reveal a substrate-binding protein of an 696 
ABC-type nucleoside transporter family. Infect Immun. 2020;88(4). 697 

54. Jain S, Showman AC, and Jewett MW. Molecular dissection of a Borrelia burgdorferi in vivo 698 
essential purine transport system. Infect Immun. 2015;83(6):2224-33. 699 

55. Zhang Y, Chen T, Raghunandanan S, Xiang X, Yang J, Liu Q, et al. YebC regulates variable surface 700 
antigen VlsE expression and is required for host immune evasion in Borrelia burgdorferi. PLoS 701 
Pathog. 2020;16(10):e1008953. 702 



 28 

56. Chen L, Xu Q, Tu J, Ge Y, Liu J, and Liang FT. Increasing RpoS expression causes cell death in 703 
Borrelia burgdorferi. PLoS One. 2013;8(12):e83276. 704 

57. Tilly K, Bestor A, Jewett MW, and Rosa P. Rapid clearance of Lyme disease spirochetes lacking 705 
OspC from skin. Infect Immun. 2007;75(3):1517-9. 706 

58. Tilly K, Krum JG, Bestor A, Jewett MW, Grimm D, Bueschel D, et al. Borrelia burgdorferi OspC 707 
protein required exclusively in a crucial early stage of mammalian infection. Infect Immun. 708 
2006;74(6):3554-64. 709 

59. Wang P, Dadhwal P, Cheng Z, Zianni MR, Rikihisa Y, Liang FT, et al. Borrelia burgdorferi 710 
oxidative stress regulator BosR directly represses lipoproteins primarily expressed in the tick 711 
during mammalian infection. Mol Microbiol. 2013;89(6):1140-53. 712 

60. Shi Y, Dadhwal P, Li X, and Liang FT. BosR functions as a repressor of the ospAB operon in 713 
Borrelia burgdorferi. PLoS One. 2014;9(10):e109307. 714 

61. Gottesman S. Trouble is coming: Signaling pathways that regulate general stress responses in 715 
bacteria. J Biol Chem. 2019;294(31):11685-700. 716 

62. Schellhorn HE. Function, evolution, and composition of the RpoS regulon in Escherichia coli. 717 
Front Microbiol. 2020;11:560099. 718 

63. Mallory KL, Miller DP, Oliver LD, Jr., Freedman JC, Kostick-Dunn JL, Carlyon JA, et al. Cyclic-719 
di-GMP binding induces structural rearrangements in the PlzA and PlzC proteins of the Lyme 720 
disease and relapsing fever spirochetes: a possible switch mechanism for c-di-GMP-mediated 721 
effector functions. Pathog Dis. 2016;74(8). 722 

64. Peano C, Wolf J, Demol J, Rossi E, Petiti L, De Bellis G, et al. Characterization of the Escherichia 723 
coli sigma(S) core regulon by Chromatin Immunoprecipitation-sequencing (ChIP-seq) analysis. Sci 724 
Rep. 2015;5:10469. 725 

65. Dostalova H, Busche T, Holatko J, Rucka L, Stepanek V, Barvik I, et al. Overlap of promoter 726 
recognition specificity of stress response sigma factors SigD and SigH in Corynebacterium 727 
glutamicum ATCC 13032. Front Microbiol. 2018;9:3287. 728 

66. Wade JT, Castro Roa D, Grainger DC, Hurd D, Busby SJ, Struhl K, et al. Extensive functional 729 
overlap between sigma factors in Escherichia coli. Nat Struct Mol Biol. 2006;13(9):806-14. 730 

67. Chen J, Boyaci H, and Campbell EA. Diverse and unified mechanisms of transcription initiation in 731 
bacteria. Nat Rev Microbiol. 2021;19(2):95-109. 732 

68. Boylan JA, Posey JE, and Gherardini FC. Borrelia oxidative stress response regulator, BosR: a 733 
distinctive Zn-dependent transcriptional activator. Proc Natl Acad Sci U S A. 2003;100(20):11684-734 
9. 735 

69. Seshu J, Boylan JA, Gherardini FC, and Skare JT. Dissolved oxygen levels alter gene expression 736 
and antigen profiles in Borrelia burgdorferi. Infect Immun. 2004;72(3):1580-6. 737 

70. Grove AP, Liveris D, Iyer R, Petzke M, Rudman J, Caimano MJ, et al. Two distinct mechanisms 738 
govern RpoS-mediated repression of tick-phase genes during mammalian host adaptation by 739 
Borrelia burgdorferi, the Lyme disease spirochete. MBio. 2017;8(4). 740 

71. Zafar MA, Carabetta VJ, Mandel MJ, and Silhavy TJ. Transcriptional occlusion caused by 741 
overlapping promoters. Proc Natl Acad Sci U S A. 2014;111(4):1557-61. 742 

72. Cho BK, Kim D, Knight EM, Zengler K, and Palsson BO. Genome-scale reconstruction of the 743 
sigma factor network in Escherichia coli: topology and functional states. BMC Biol. 2014;12:4. 744 

73. Sevilla E, Bes MT, Peleato ML, and Fillat MF. Fur-like proteins: Beyond the ferric uptake regulator 745 
(Fur) paralog. Arch Biochem Biophys. 2021;701:108770. 746 

74. Troxell B, and Hassan HM. Transcriptional regulation by Ferric Uptake Regulator (Fur) in 747 
pathogenic bacteria. Front Cell Infect Microbiol. 2013;3:59. 748 

75. Ouyang Z, Zhou J, Brautigam CA, Deka R, and Norgard MV. Identification of a core sequence for 749 
the binding of BosR to the rpoS promoter region in Borrelia burgdorferi. Microbiology (Reading). 750 
2014;160(Pt 5):851-62. 751 

76. Vishwakarma RK, and Brodolin K. The sigma subunit-remodeling factors: an emerging paradigm 752 
of transcription regulation. Front Microbiol. 2020;11:1798. 753 



 29 

77. Haugen SP, Ross W, and Gourse RL. Advances in bacterial promoter recognition and its control 754 
by factors that do not bind DNA. Nat Rev Microbiol. 2008;6(7):507-19. 755 

78. Xu J, Cui K, Shen L, Shi J, Li L, You L, et al. Crl activates transcription by stabilizing active 756 
conformation of the master stress transcription initiation factor. Elife. 2019;8. 757 

79. Cartagena AJ, Banta AB, Sathyan N, Ross W, Gourse RL, Campbell EA, et al. Structural basis for 758 
transcription activation by Crl through tethering of sigma(S) and RNA polymerase. Proc Natl Acad 759 
Sci U S A. 2019;116(38):18923-7. 760 

80. He D, You L, Wu X, Shi J, Wen A, Yan Z, et al. Pseudomonas aeruginosa SutA wedges RNAP 761 
lobe domain open to facilitate promoter DNA unwinding. Nat Commun. 2022;13(1):4204. 762 

81. Bergkessel M, Babin BM, VanderVelde D, Sweredoski MJ, Moradian A, Eggleston-Rangel R, et 763 
al. The dormancy-specific regulator, SutA, is intrinsically disordered and modulates transcription 764 
initiation in Pseudomonas aeruginosa. Mol Microbiol. 2019;112(3):992-1009. 765 

82. Wang P, Yu Z, Santangelo TJ, Olesik J, Wang Y, Heldwein E, et al. BosR is a novel Fur family 766 
member responsive to copper and regulating copper homeostasis in Borrelia burgdorferi. J 767 
Bacteriol. 2017;199(16). 768 

83. Mason C, Liu X, Prabhudeva S, and Ouyang Z. The CXXC motifs are essential for the function of 769 
BosR in Borrelia burgdorferi. Front Cell Infect Microbiol. 2019;9:109. 770 

84. Farewell A, Kvint K, and Nystrom T. Negative regulation by RpoS: a case of sigma factor 771 
competition. Mol Microbiol. 1998;29(4):1039-51. 772 

85. Tan JW, Wilksch JJ, Hocking DM, Wang N, Srikhanta YN, Tauschek M, et al. Positive 773 
autoregulation of mrkHI by the cyclic di-GMP-dependent MrkH protein in the biofilm regulatory 774 
circuit of Klebsiella pneumoniae. J Bacteriol. 2015;197(9):1659-67. 775 

86. Singh A, Izac JR, Schuler EJA, Patel DT, Davies C, and Marconi RT. High-resolution crystal 776 
structure of the Borreliella burgdorferi PlzA protein in complex with c-di-GMP: new insights into 777 
the interaction of c-di-GMP with the novel xPilZ domain. Pathog Dis. 2021;79(5). 778 

87. Zhang JJ, Chen T, Yang Y, Du J, Li H, Troxell B, et al. Positive and negative regulation of glycerol 779 
utilization by the c-di-GMP binding protein PlzA in Borrelia burgdorferi. J Bacteriol. 780 
2018;200(22). 781 

88. Xin L, Zeng Y, Sheng S, Chea RA, Liu Q, Li HY, et al. Regulation of flagellar motor switching by 782 
c-di-GMP phosphodiesterases in Pseudomonas aeruginosa. J Biol Chem. 2019;294(37):13789-99. 783 

89. Strother KO, Hodzic E, Barthold SW, and de Silva AM. Infection of mice with Lyme disease 784 
spirochetes constitutively producing outer surface proteins A and B. Infect Immun. 785 
2007;75(6):2786-94. 786 

90. Skare JT, and Garcia BL. Complement evasion by Lyme disease spirochetes. Trends Microbiol. 787 
2020;28(11):889-99. 788 

91. Lin YP, Frye AM, Nowak TA, and Kraiczy P. New insights into CRASP-mediated complement 789 
evasion in the Lyme disease enzootic cycle. Front Cell Infect Microbiol. 2020;10:1. 790 

92. Kraiczy P. Hide and seek: how Lyme disease spirochetes overcome complement attack. Front 791 
Immunol. 2016;7:385. 792 

93. Caine JA, and Coburn J. Multifunctional and redundant roles of Borrelia burgdorferi outer surface 793 
proteins in tissue adhesion, colonization, and eomplement evasion. Front Immunol. 2016;7:442. 794 

94. Samuels DS. Electrotransformation of the spirochete Borrelia burgdorferi. Methods Mol Biol. 795 
1995;47:253-9. 796 

95. Policastro PF, and Schwan TG. Experimental infection of Ixodes scapularis larvae (Acari: 797 
Ixodidae) by immersion in low passage cultures of Borrelia burgdorferi. Journal of Medical 798 
Entomology. 2003;40(3):364-70. 799 

96. Mulay VB, Caimano MJ, Iyer R, Dunham-Ems S, Liveris D, Petzke MM, et al. Borrelia 800 
burgdorferi bba74 is expressed exclusively during tick feeding and is regulated by both arthropod- 801 
and mammalian host-specific signals. J Bacteriol. 2009;191(8):2783-94. 802 



 30 

97. Caimano MJ, Eggers CH, Gonzalez CA, and Radolf JD. Alternate sigma factor RpoS is required 803 
for the in vivo-specific repression of Borrelia burgdorferi plasmid lp54-borne ospA and lp6.6 804 
genes. J Bacteriol. 2005;187(22):7845-52. 805 

98. Hagman KE, Lahdenne P, Popova TG, Porcella SF, Akins DR, Radolf JD, et al. Decorin-binding 806 
protein of Borrelia burgdorferi is encoded within a two-gene operon and is protective in the murine 807 
model of Lyme borreliosis. Infect Immun. 1998;66(6):2674-83. 808 

99. Pappas CJ, Iyer R, Petzke MM, Caimano MJ, Radolf JD, and Schwartz I. Borrelia burgdorferi 809 
requires glycerol for maximum fitness during the tick phase of the enzootic cycle. PLoS Pathogens. 810 
2011;7(7):e1002102. 811 

100. Hyde JA, Trzeciakowski JP, and Skare JT. Borrelia burgdorferi alters its gene expression and 812 
antigenic profile in response to CO2 levels. J Bacteriol. 2007;189(2):437-45. 813 

101. Liang FT, Steere AC, Marques AR, Johnson BJ, Miller JN, and Philipp MT. Sensitive and specific 814 
serodiagnosis of Lyme disease by enzyme-linked immunosorbent assay with a peptide based on an 815 
immunodominant conserved region of Borrelia burgdorferi vlsE. J Clin Microbiol. 816 
1999;37(12):3990-6. 817 

102. Grassmann AA, Zavala-Alvarado C, Bettin EB, Picardeau M, Benaroudj N, and Caimano MJ. The 818 
FUR-like regulators PerRA and PerRB integrate a complex regulatory network that promotes 819 
mammalian host-adaptation and virulence of Leptospira interrogans. PLoS Pathog. 820 
2021;17(12):e1009078. 821 

103. Love MI, Huber W, and Anders S. Moderated estimation of fold change and dispersion for RNA-822 
seq data with DESeq2. Genome Biol. 2014;15(12):550. 823 

 824 

825 



Figure 1. Workflow for tick-borne diseases capture RNA sequencing (TBDCapSeq). Total RNA
extracted from fed nymphs infected with either wildtype (WT; green) or DrpoS (magenta) Bb was
converted to cDNA and used as input for second-strand synthesis. Libraries were prepared using dual-
indexes (blue and red). Following pre-capture amplification, libraries were hybridized to Bb-specific
biotinylated probes. Bb-specific amplicon:probe duplexes were captured using magnetic streptavidin
beads (lilac), amplified using Illumina universal primers and sequenced on a NextSeq2000. Raw reads
were mapped using EDGE-pro and analyzed for differential gene expression using DESeq2.
TBDCapSeq for DMC-cultivated samples was performed using the same pipeline.



Figure 2. The contour of the Bb transcriptome varies substantially across the feeding
nymphal tick and mammalian host phases of the enzootic cycle. Hierarchical clustering (A)
and Principal Component Analysis plots (B) for wild-type (WT) and DrpoS Bb in fed nymphs (3
biological replicates per strain) and following cultivation in DMCs (4 biological replicates per
strain) were generated using R Studio.



Figure 3. Interplay between RpoS, BosR and liganded-PlzA regulates differential
gene expression in feeding nymphal ticks and mammals. Principal Component
Analysis (A) and hierarchical clustering (B) for (i) DMC-cultivated isogenic wild-
type (WT-BbP1781), DrpoS, and DbosRDrpoS/irpoS with and without IPTG; (ii)
DMC-cultivated isogenic wild-type (WT-BbP1473), cDGC and cDGCDplzA; and (iii)
isogenic wild-type (WT-BbP1781) and DrpoS within fed nymphs.



Figure 4. Liganded-PlzA and BosR modulate the RpoS regulon in a reciprocal manner
within mammals. (A) Lysates from DMC-cultivated wild-type (WT), ΔrpoS/irpoS,
DbosRDrpoS/irpoS, cDGC and cDGCDplzA stained with silver or immunoblotted with antisera
against FlaB, RpoS, OspA, GlpD, OspC, DbpA, BBK32 and VlsE. (B) Lysates from DMC-
cultivated WT, DbosR/irpoS and bosRcomp/irpoS were separated by SDS-PAGE and stained
with silver. Molecular weight markers (kDa) are shown at the left of each gel. “+” and “–”
indicate the presence or absence of IPTG, RpoS, BosR and PlzA, and/or c-di-GMP synthesis by
the constitutively active diguanylate cyclase in cDGC strains. A and B show representative
images from 3 biological replicates per strain.



Figure 5. RpoS is required for persistence in mice. (A) Experimental design to assess the
contribution of RpoS to persistence in C3H/HeJ and scid mice (5 mice per condition, per time
point). Mice infected with DrpoS/irpoS received IPTG-treated water (blue) one week prior to
inoculation. Serology was performed 4 weeks post-inoculation to confirm infection
(Supplemental Figure 3). At 4-weeks, IPTG was withdrawn from half of the DrpoS/irpoS-
infected mice, while the other half received IPTG for the remainder of the experiment. Wild-
type (WT)-infected mice received untreated water (white) throughout the experiment. At 6- and
8-weeks post-inoculation, mice were euthanized for collection of blood for serology and tissues
for culture (Table 2). (B) Loss of RpoS is associated with production of antibodies against
OspA. Sera from individual C3H/HeJ mice collected at 6- and 8-weeks post-inoculation was
assayed by immunoblot using 100 ng of recombinant OspA. Sera collected at 8-weeks post-
infection was also assayed against 100 ng of recombinant OspC.



Figure 6. Proposed model for the reciprocal regulation of the RpoS gatekeeper by BosR and
liganded-PlzA. Top. Transcription of rpoS by RNAP complexed with BosR/Rrp2/RpoN in
feeding nymphs and mammals is unaffected by either c-di-GMP (yellow circle) or PlzA. Left. In
mammals, BosR enhances transcription of RpoS-upregulated core and DMC-only genes and is
required for RpoS-mediated repression of tick-phase genes. RNAP-RpoS/BosR complex binds
upstream of RpoS-repressed tick-phase genes, including ospA and the glp operon, preventing
transcription by RNAP-RpoD. Due to the absence of c-di-GMP within mammals, unliganded-PlzA
is unable to interact with RNAP and/or prevent BosR’s sigma activator function. Right. In feeding
nymphs, liganded-PlzA interferes with BosR function, reducing expression of some RpoS-
upregulated genes, including ospC, dbpA and vlsE, and antagonizing RpoS-mediated repression
either by blocking BosR binding to RNAP-RpoS or allosteric interactions with RNAP-
RpoS/BosR. Based on this model, BosR’s sigma activator function is specific to RNAP-RpoS,
while liganded-PlzA interacts with both RNAP-RpoS and RNAP-RpoD in feeding nymphs.
Liganded-PlzA also is required for RpoD-dependent transcription of glp genes, while tick-phase
genes with strong promoters, such as ospA, are transcribed by RNAP-RpoD alone.
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Table 1. Complementation of DrpoS Bb with IPTG-inducible RpoS restores virulence in C3H/HeJ 832 

mice. 833 

 WTA DrpoS/irpoS 
– IPTGA 

DrpoS/irpoS 
+ IPTGB 

EarC 5/5 0/5 5/5 
Proximal skin 5/5 0/5 5/5 

Distal skin 5/5 0/5 5/5 
Tibiotarsal joint 4/5 0/5 5/5 

Bladder 5/5 0/5 4/5 
Heart 5/5 0/5 4/5 

Total pos. sitesD 29/30 0/30 28/30 
Total infectedF 5/5 0/5 5/5 

AMice maintained on untreated water throughout the experiment 834 
BMice maintained on IPTG-treated water throughout the experiment. 835 
CCulture-positivity for tissues collected 2-weeks post-inoculation.  836 
DTotal number of culture-positive tissue sites. 837 
FTotal number of infected mice. 838 
  839 
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Table 2. RpoS is required for persistence in C3H/HeJ and scid mice. 840 

 WTA DrpoS/irpoS 
+ IPTGB 

DrpoS/irpoS 
IPTG 

removed at 4 
weeksC 

WTA DrpoS/irpoS  
+ IPTGB 

DrpoS/irpoS 
IPTG 

removed at 4 
weeksC 

Total timeD  6 weeks 8 weeks 
C3H/HeJ mice 

SerologyE 5/5 5/5 5/5 5/5 5/5 5/5 
EarF 5/5 5/5 0/5 5/5 5/5 0/5 

Proximal skin 5/5 5/5 1/5 5/5 5/5 0/5 
Distal skin 5/5 5/5 0/5 5/5 5/5 0/5 

Tibiotarsal joint 5/5 5/5 3/5 5/5 4/5 0/5 
Bladder 5/5 5/5 0/5 4/5 0/5 0/5 

Heart 5/5 5/5 0/5 2/5 0/5 0/5 
Total pos. sitesG 30/30 30/30 4/30 26/30 19/30 0/30 
Total infectedH 5/5 5/5 4/5 5/5 5/5 0/5 

scid mice 
EarF 5/5 5/5 3/5 5/5 5/5 0/5 

Proximal skin 5/5 5/5 1/5 5/5 5/5 0/5 
Distal skin 5/5 5/5 1/5 5/5 5/5 0/5 

Tibiotarsal joint 5/5 5/5 3/5 5/5 5/5 3/5 
Bladder 5/5 5/5 1/5 5/5 4/5 0/5 

Heart 5/5 5/5 0/5 5/5 5/5 0/5 
Total pos. sitesG 30/30 30/30 9/30 30/30 29/30 3/30 
Total infectedH 5/5 5/5 4/5 5/5 5/5 3/5 

AMice inoculated with WT Bb received untreated water throughout the experiment. 841 
BMice inoculated with DrpoS/irpoS received IPTG-treated water throughout the experiment. 842 
CMice inoculated with DrpoS/irpoS received IPTG-treated water for 4 weeks then untreated water for an 843 
additional 2- or 4- weeks. 844 
DBased on experimental design in Figure 5A. 845 
ESeropositivity based on reactivity against Bb strain B31 (Supplemental Figure 3). 846 
FCulture-positivity for tissues collected 6- or 8-weeks post-inoculation.  847 
GTotal number of culture-positive tissue sites. 848 
HTotal number of infected mice.  849 
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Table 3. BosR works cooperatively with RpoS to promote virulence in mice by an RpoN-850 

independent mechanism. 851 

 WTA DbosRDrpoS/irpoS  
– IPTGA 

DbosRDrpoS/irpoS + 
IPTGB 

C3H/HeJ mice 
SerologyC 5/5 0/5 0/5 

EarD 5/5 0/5 0/5 
Proximal skin 5/5 0/5 0/5 

Distal skin 5/5 0/5 0/5 
Tibiotarsal joint 5/5 0/5 0/5 

Bladder 4/5 0/5 0/5 
Heart 3/5 0/5 0/5 

Total pos. sitesE 27/30 0/30 0/30 
Total infectedF 5/5 0/5 0/5 

scid mice 
EarD 1/2 0/5 0/5 

Proximal skin 2/2 0/5 0/5 
Distal skin 2/2 0/5 0/5 

Tibiotarsal joint 2/2 0/5 0/5 
Bladder 2/2 0/5 0/5 

Heart 1/2 0/5 0/5 
Total pos. sitesE 8/10 0/30 0/30 
Total infectedF 2/2 0/5 5/5 

AMice received normal water throughout experiment. 852 
BMice received IPTG-treated water at least 7 days prior to inoculation and then throughout the experiment. 853 
CSeropositivity based on reactivity against lysates from Bb strain B31 (Supplemental Figure 3). 854 
DCulture-positivity for designated tissues collected 2-weeks post-inoculation.  855 
ETotal number of culture-positive sites from all mice. 856 
FTotal number of infected mice. 857 
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