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ABSTRACT 26 

Borrelia burgdorferi, the agent of Lyme disease, responds to numerous host-derived signals to 27 

alter adaptive capabilities during its enzootic cycle in an arthropod vector and mammalian host. 28 

Molecular mechanisms that enable B. burgdorferi to detect, channel, and respond to these signals 29 

have become an intense area of study for developing strategies to limit transmission/infection. 30 

Bioinformatic analysis of the borrelial genome revealed the presence of polyamine transport 31 

components (PotA, B, C and D) while homologs for polyamine biosynthesis were conspicuously 32 

absent. Although potABCD is co-transcribed, the level of PotA was elevated under in vitro 33 

growth conditions mimicking unfed-ticks compared to fed-ticks while the levels of PotD were 34 

similar under the aforementioned conditions in B. burgdorferi. Among several polyamines and 35 

polyamine precursors, supplementation of spermine or spermidine in the borrelial growth medium 36 

induced synthesis of major regulators of gene expression in Bb such as RpoS and BosR with a 37 

concomitant increase in proteins that contribute to colonization and survival of B. burgdorferi in 38 

the mammalian host. Short transcripts of rpoS were elevated in response to spermidine which was 39 

correlated with increased protein levels of RpoS. Transcriptional analysis of rpoZ and relBbu 40 

(BB0198) in the presence of spermidine revealed interplay of multiple regulatory factors in B. 41 

burgdorferi gene expression. The effect of spermidine was also influenced by serum factors while 42 

addition of arginine, a polyamine precursor, induced minimal changes in key borrelial proteins. 43 

These studies suggest that multiple host-derived signals/nutrients and their transport systems 44 

contribute to B.burgdorferi adaptation during the vector and vertebrate-host phases of infection.  45 

 46 

 47 

 48 

 49 

 50 

 51 
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INTRODUCTION 52 

Lyme disease is the most prevalent arthropod-borne infectious disease in the US with an 53 

estimated 300,000 cases in 2013 by Centers for Disease Control and Prevention (CDC). The 54 

causative agent of Lyme disease is the spirochetal pathogen, Borrelia burgdorferi (Bb) which is 55 

transmitted to humans and other vertebrate hosts following the bite of infected Ixodes scapularis 56 

ticks (1, 26). The ability of this spirochete to recognize and respond to environmental signals and 57 

nutrients present in the vertebrate host or the tick vector plays a crucial role in the survival, 58 

transmission, and colonization capability, leading to Lyme disease (16, 34, 37). Numerous studies 59 

have established the significance of temperature (33, 38, 42), pH (4), dissolved gases (17, 39), 60 

host-specific stressors (3), and select nutrients (2, 10, 20) playing a role in a concerted fashion for 61 

expression and synthesis of key borrelial determinants that enable spirochete survival and 62 

colonization in different hosts.  However, there remain additional host signals and molecular 63 

transduction mechanisms that are yet to be defined in understanding the dynamics of colonization 64 

of the vector and vertebrate hosts by Lyme spirochetes. 65 

Since Bb has a limited genome and is incapable of synthesis of amino acids, fatty acids, 66 

nucleotides and other critical biomolecules, many of these substances are acquired from the host 67 

(9, 14). Therefore, analysis of the mechanisms of transport of these key host-derived molecules 68 

will not only extend our understanding of host-specific adaptation of spirochetes in general but 69 

also provide novel strategies to subvert and/or interdict these survival processes in hosts; thus 70 

potentially leading to a reduction in the incidence of Lyme disease. Moreover, host-derived 71 

components that are abundant in select sites of colonization in different hosts could potentially 72 

contribute to tissue-specific modulation of borrelial physiology resulting in favorable or 73 

unfavorable conditions for adaptation. 74 

Among the many host-derived components, polyamines are organic bases that are 75 

prevalent in millimolar range in many mammalian tissues (41).  Polyamines, such as spermine, 76 

spermidine, cadaverine, and putrescine are cationic, exhibiting a net positive charge ranging from 77 
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+2 to +4 while polyamine precursors such as ornithine and arginine carry a charge of +1.  Both 78 

the structure and charge of polyamines facilitate their interaction with DNA, RNA, proteins, and 79 

phospholipids, thereby affect a wide variety of biological functions such as increasing resistance 80 

to oxidative stress and regulating transcription/translation, among others (7, 19, 32). Moreover, 81 

polyamines are known to alter both bacterial response to antibiotics and via structure/charge 82 

alterations, functional efficacy of antimicrobial agents (23-25).  There is a renewed interest in 83 

polyamine biogenesis, and the role that polyamines play in regulating adaptive gene expression in 84 

many pathogenic bacteria and their ability to confer bacterial cell protection against oxidative and 85 

other host-derived physiological stressors. In Escherichia coli, polyamines increase the levels of 86 

RpoS (σ38 subunit of the RNA polymerase), leading to increased levels of the glutamate 87 

decarboxylase-dependent acid response system (6, 8).  88 

Bioinformatic analysis of the B. burgdorferi genome revealed the presence of homologs 89 

that could be involved in polyamine transport,  e.g., spermine, spermidine, putrescine, and 90 

cadaverine, but no apparent homologs were found for biogenesis of polyamines suggesting that B. 91 

burgdorferi acquires polyamines from the host (14). Moreover, a few enzymes involved in the 92 

conversion of precursors of polyamines such as arginine and ornithine are also apparent in the 93 

borrelial genome.  While many bacteria have more than one transport system for polyamine 94 

transport, the absence of multiple polyamine binding and transport homologs suggested the 95 

presence of one polyamine transport (PotABCD) system within the genome of B. burgdorferi 96 

(14). Although recent transcriptional analyses have revealed altered levels of members of the 97 

polyamine transport system the contribution(s) of polyamines in the pathogenesis of B. 98 

burgdorferi are yet to be uncovered. (2).  99 

In this study, we determined that the members of the polyamine transport system are co-100 

transcribed and that supplementation of Spermine (Spm) and Spermidine (Spd) drastically altered 101 

the B. burgdoferi protein profile, especially key proteins critical for colonization in the vertebrate 102 

host. Regulators of gene expression in B. burgdorferi such as RpoS and BosR were elevated in 103 
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response to increased levels of spm and spd. Effects of these polyamines on transcription of rpoZ 104 

and the bifunctional synthetase/hydrolase homolog (bb0198, relBbu) suggest that the polyamines 105 

impact key borrelial regulatory proteins. Characterizing the role of polyamines, including Spm 106 

and Spd, in regulating multiple components of B. burgdorferi will pave the way for identifying 107 

new and novel strategies to reduce borrelial burden in the vector/vertebrate hosts, and thereby 108 

reduce transmission of this vector-borne pathogen, leading to a lowered incidence of Lyme 109 

disease. 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 

 129 
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MATERIALS AND METHODS 130 

Bacterial strains, growth conditions, and plasmids. B. burgdorferi strain B31-A3 was cultured 131 

in BSK-II medium supplemented with 6% (v/v) normal rabbit serum (Pel-Freez, AK) at 132 

32ºC/pH7.6, 1% CO2 in a CO2 incubator. Borrelial cultures grown in BSKII media at pH7.6/23˚C 133 

were shifted to pH6.8/37°C to mimic conditions within the tick-midgut before and after a blood-134 

meal respectively as described previously (28, 29). Growth of Bb in the presence of 4mM 135 

Spermine or Spermidine at pH7.6/32˚C was monitored every24hrs for 168 hrs or 120 hrs 136 

respectively. Cultures grown to a density of less than 1-2 x107 or 1-2 x108 spirochetes/ml were 137 

considered as low- and high-density cultures, respectively.  pCR2.1 cloning vector (Invitrogen) 138 

was routinely used for products and transformed into E. coli Top10 cells followed by blue/white 139 

screening. Recombinant PotA (BB0642) and PotD (BB0639) were obtained by generating the 140 

respective amplicons using primers (Table 1) with appropriate engineered restriction enzyme sites 141 

that facilitated cloning into pET23a (Novagen) followed by overexpression using E. coli Rossetta 142 

strain as reported previously (31, 45). Histidine tagged (6X C-terminus) PotA and PotD were 143 

purified using nickel affinity column chromatography and was used as a source of protein for 144 

generating specific antisera (11). 145 

 146 

Generation of antisera against PotA and PotD. Six to eight week old mice (n=5) were 147 

immunized subcutaneously with 50 µg of recombinant PotA or PotD in phosphate buffered saline 148 

(PBS) with an equal volume of adjuvant TiterMax (Sigma). Booster immunizations were given at 149 

days 14 and 21 and immune serum was collected on day 28 (11). Serum was checked for 150 

reactivity to PotA or PotD in B. burgdorferi by immunoblot analysis as described below. 151 

 152 

Preparation of B. burgdorferi lysates. Spirochetes were grown in the presence or absence 153 

various polyamines (4mM) and monitored for growth. When the density of the culture reached 154 

1x108 bacteria /ml, spirochetes were washed three times in Hanks Balanced Salt Solution (HBSS) 155 



 7 

and processed for SDS-PAGE analysis. B. burgdorferi was grown in the absence or presence of 156 

spermine (4mM) in BSKII growth media supplemented with 6% (v/v) normal or heat inactivated 157 

rabbit (56˚C for 1 hr) serum. Protease sensitivity was determined to assess PotD is surface 158 

exposed by washing the spirochetes in PBS (pH7.4) supplemented with 5mM MgCl2 and 50 mM 159 

sucrose as described previously (35). Samples were split in two and incubated with either 50 µl 160 

sterile water (Proteinase K negative control) or with Proteinase K (final concentration 200µg/ml) 161 

at 20˚C for 40 minutes. The protease activity was stopped by adding phenylmethylsulfonyl 162 

fluoride (PMSF, 1mM final concentration) and the spirochetes were examined by dark-field 163 

microscopy for motility as a measure of viability. Samples were washed and processed for SDS-164 

PAGE and immunoblot analysis. 165 

  166 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot 167 

analysis.  B. burgdorferi whole-cell lysates were prepared and separated on SDS-12.5% PAGE as 168 

described previously (45). The separated proteins were either visualized by Coomassie brilliant 169 

blue staining or transferred onto a PVDF membrane (Amersham Hybond™-P; GE Healthcare, 170 

Buckinghamshire, UK), and subjected to immunoblot analysis as described previously (22). 171 

Membranes were probed with monoclonal antibodies or monospecific serum against a variety of 172 

borrelial proteins. Blots were developed following incubation with appropriate dilutions of HRP 173 

conjugated anti-mouse, anti-rabbit or anti-rat secondary antibodies using ECLTM Western blotting 174 

reagents (GE Healthcare).  175 

 176 

RNA extraction and quantitative real-time PCR analysis. Transcriptional analysis of key 177 

genes relevant to this study was carried out using quantitative real-time PCR analysis as described 178 

previously (12, 21). Total RNA was extracted as previously described from B. burgdorferi 179 

cultures grown in the presence or absence of 4 mM spermine to low density 2-3x107 or high 180 
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density, 1x108 spirochetes per ml (22). Total RNA was treated twice at 37˚C for 45 minutes with 181 

DNaseI to remove any contaminating DNA, and quantified spectrophotometrically. RNA purity 182 

was determined using real-time PCR with recA primers (recAFq and recARq) to rule out the 183 

presence of contaminating DNA. RNA samples were reverse transcribed to cDNA using BIO-184 

RAD iScript Select cDNA synthesis kit (BIO-RAD Laboratories, Hercules, CA). Real-time PCR 185 

was carried out using iTaq Universal SYBR Green Supermix with various oligonucleotide 186 

primers (Table S2) at a final concentration of 100 nM, and quantitative real-time PCR was done 187 

using ABI Prism 7300 system (Applied Biosystems) as described previously (22). The cycle 188 

threshold (CT) values of each of the genes were averaged following normalization. Levels of 189 

induction were determined usingthe ΔΔCT method where the quantity of each transcript was 190 

determined by the equation 2-ΔΔCT, as described previously (21, 22).  Normalized CT values were 191 

subjected to unpaired Student’s t-test implemented in GraphPad PRISM software. P values less 192 

than 0.05 were considered significant. 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 
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RESULTS 207 

Polyamine transport system of B. burgdorferi.  Bioinformatic analysis of the B. burgdorferi 208 

genome revealed the presence of a transport system for polyamines and no apparent homologs 209 

associated with biogenesis of polyamines (14). Since B. burgdorferi has limited metabolic 210 

capabilities and is intimately associated with its hosts, analysis of the key components of the 211 

polyamine transport system should afford a greater understanding of the adaptive capabilities of 212 

this spirochetal pathogen. Based on the organization of the polyamine transport system in other 213 

bacteria (19), B. burgdorferi has homologs of polyamine binding protein PotD (bb0639) located 214 

in the periplasm, and two channel forming transmembrane proteins PotC (bb0640) and PotB 215 

(bb0641) that interact with PotA (ATPase, bb0642), a membrane associated ATPase that  216 

facilitates transport of polyamines into the bacterial cytoplasm (Fig 1A). The open reading frames 217 

encoding potABCD are located adjacent to each other in the borrelial genome (Fig 1B). Analysis 218 

of cDNA generated from total RNA using primers specific to potA/potB (Primer set 1 and 2), 219 

potB/potC (Primer set 3 and 4) and potC/potD (Primer set 5 and 6) revealed the members of the 220 

potABCD in B. burgdorferi to be transcriptionally linked (Fig 1C). Amplicon size was similar 221 

using either cDNA (Fig 1C, Lane 3) or total genomic DNA (Fig 1C, Lane 4) as the template. No 222 

amplification was observed using total RNA (Fig 1C, Lane 2) or PCR mix without template (Fig 223 

1C, Lane 1) indicating no DNA contamination in the RNA sample used for generating cDNA. 224 

Next, we focused on determining the role of PotD and PotA in modulating the adaptive 225 

capabilities of B. burgdorferi in response to varying levels of polyamines. 226 

 227 

Levels of PotA and PotD in B. burgdorferi. Immunoblot analysis of total lysates from B. 228 

burgdorferi grown under in vitro conditions mimicking the tick midgut before a blood meal (Fig 229 

2A, Lane 1 pH7.6/32˚C) compared to that after a blood meal (Fig 2A, Lane 2, pH6.8/37˚C) was 230 

carried out using antisera specific to PotA or PotD. Increased levels of PotA was observed in B. 231 

burgdorferi propagated under unfed tick-midgut conditions compared to fed-midgut conditions 232 
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(Fig 2B, α-PotA). However, levels of PotD were similar in B. burgdorferi under both in vitro 233 

growth conditions (Fig 2B, α-PotD). These findings suggested that the increased levels of PotA 234 

under conditions mimicking unfed ticks might reflect the kinetics of polyamine transport during 235 

the vector-phase of borrelial infection (Fig 2).  236 

 237 

Localization of PotD. The location of PotD, the substrate binding protein in the polyamine 238 

transport system, is critical for its role in responding to extracellular levels of different 239 

polyamines. In order to determine if PotD is localized to the outer surface, we performed 240 

Proteinase K sensitivity assays as described previously (35). Immunoblot analysis revealed that  241 

PotD levels were similar in B. burgdorferi treated with or without treatment with Proteinase K 242 

(Fig 3B, +PK, α-PotD). As expected, there was no difference between treated and untreated 243 

samples in the levels of PotA due to its predicted localization in the inner membrane. The levels 244 

of another periplasmic protein, FlaB, were also similar in treated and untreated spirochetes while 245 

P66, an outer membrane protein, exhibited a reduction in size only in Proteinase K treated 246 

samples (Fig 3B, +PK, α-FlaB, α-P66). Coomassie blue staining of the lysates from B. 247 

burgdorferi (Fig 3A) before and after treatment with Proteinase K exhibited similar levels of 248 

proteins loading for each sample. This analysis revealed that PotD is a periplasmic protein, and 249 

that the transport of polyamines presumably occurs from the periplasmic space to the cytoplasm 250 

of the spirochetes.  251 

 252 

Effects of polyamines on the levels of key borrelial proteins. We determined the effects of 253 

various polyamines on B. burgdorferi by supplementing the borrelial growth medium (BSKII) 254 

with various concentrations of polyamines, i.e., Spermidine (Spd), Spermine (Spm), Arginine 255 

(Arg), Cadaverine (Cad), Ornithine (Ort), and Putrescine (Put). We found that 4 mM 256 

concentration of various polyamines supported borrelial growth at pH7.6/32˚C  (data not shown). 257 
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We then analyzed the levels of key borrelial proteins that reflect the physiological status of B.  258 

burgdorferi in the presence of 4 mM concentration of the indicated polyamines. Immunoblot 259 

analysis revealed that the levels of Outer Surface Protein C (OspC) were elevated in B. 260 

burgdorferi propagated in presence of Spd and Spm compared to growth in conventional BSKII 261 

medium with no polyamine supplementation (control) or in the presence of Arg, Cad, Ort, and 262 

Put. Coincidentally, the levels of RpoS, a key regulator of the gene expression for the adaptation 263 

of B. burgdorferi to the mammalian host (34), were significantly elevated in Spm supplemented 264 

samples, and to a lesser extent in Spd-treated samples. The levels of RpoS were minimal in the 265 

control lysates, and from lysates of B. burgdorferi grown in the presence of Arg, Cad, Ort and 266 

Put. While the levels of PotA were elevated in B. burgdorferi grown in the presence of Cad, Ort, 267 

and Put, minimal changes were observed in the levels of PotA in Spd, Spm, and Arg treated 268 

samples. PotD was decreased marginally in the Spd and Spm treated samples compared to the 269 

control lysate or lysates from B. burgdorferi treated with other polyamines. The levels of Rho 270 

were similar in all borrelial lysates while levels of RelBbu exhibited a modest reduction in B. 271 

burgdorferi supplemented with Arg compared to other polyamines. These observations indicate 272 

that increased levels of Spd and Spm altered the levels of a major regulator of gene expression, 273 

RpoS, and a key pathogenesis-associated protein, OspC, in B. burgdorferi. Therefore, we focused 274 

on determining the effects of these two polyamines to further assess their contributions towards 275 

modulating host-adaptation of B. burgdorferi to the mammalian host. 276 

 277 

Effect of spermidine and spermine on expression of pathogenesis related proteins of B. 278 

burgdorferi.  Compared to lysates from B. burgdorferi grown in BSKII medium at pH7.6/32˚C  279 

(Fig 5, Lane 3), there were increased levels of RpoS and OspC in lysates of B. burgdorferi grown 280 

in BSKII medium supplemented with 4 mM  Spd (Fig 5B, Lane 4) or Spm (Fig 5B, Lane 5). 281 

Moreover, the levels of other rpoS-regulated proteins such as DbpA and BBK32 (40) were also 282 

elevated in the presence of Spd and Spm (Fig 5C, α−DbpA, α-BBK32). The increase in RpoS 283 
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and OspC in the presence of Spd or Spm was similar to that when B. burgdorferi was grown 284 

under conditions mimicking the midgut of fed ticks (Fig 5, Lane 1, pH6.8/37˚C) compared to 285 

unfed ticks (Fig 5, Lane 2, pH7.6/23˚C). No significant differences were observed in the levels of 286 

FlaB, P66 and NapA in lysates of B. burgdorferi with or without Spd or Spm (Fig 5C). These 287 

observations suggest that increasing levels of select polyamines, notably Spd and Spm, result in 288 

increased levels of proteins involved in the adaptation of B. burgdorferi to the mammalian host. 289 

Among all polyamines, Spm consistently induced higher levels of RpoS and other pathogenesis-290 

related proteins supporting its significance in contributing to the adaptive capabilities of B. 291 

burgdorferi.  292 

 293 

Effect of polyamine transport inhibitors on B. burgdorferi. We determined the effect of a 294 

hydrophobic 1, 3-dicyclohexylcarbodi-imide (DCC) and a polar 1-ethyl-3-(3-295 

dimethylaminopropyl) carbodi-imide (EDC) inhibitor of polyamine transport that has been shown 296 

to be effective with eukaryotic cells for their inhibitory effects on spirochetes (44). B. burgdorferi 297 

was grown in the presence of 4mM Spm and 5 mM EDC or 5mM DCC, and observed the levels 298 

of PotA, RpoS, BosR, DbpA, and OspC were not altered in the presence of either polyamine 299 

transport inhibitor (Fig 6B, Lanes 3 and 4). However, consistent previous observations (Fig 4 and 300 

5) except for PotA, the levels of RpoS and other rpoS-regulated gene products in B. burgdorferi 301 

were elevated following growth in spermine supplemented media (Fig 6B, Lane 2) compared to 302 

the control (Fig 6B, Lane 1). Total protein staining of SDS-PAGE gels on protein samples from 303 

different lysates indicated 1) loading was comparable and 2) the increased levels of OspC are 304 

apparent in spermine treated samples (Fig 6A).  305 

 306 

Growth rates of B. burgdorferi in the presence of Spermine and Spermidine.   Growth rates 307 

of B. burgdorferi strain B31-A3 in the presence of 4 mM Spm and Spd was performed over 168 308 

or 120 hrs, respectively, at pH 7.6/32˚C until untreated control samples reached a density of ~ 4 309 
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x108 cells per ml. As shown in Fig 7, a significant reduction in the B. burgdorferi growth in the 310 

presence of Spm (Fig 7B) compared to growth in the presence of Spd (Fig 7A). Although the 311 

growth curve was extended for 168 hrs for cultures grown in the presence of Spm, there was no 312 

significant difference between growth rates in the presence or absence of Spd (Fig 7B). It should 313 

be noted that the motility of the spirochetes was comparable indicating viability in both 314 

supplemented and control media although the rates of growth over a period of time in the 315 

presence of Spm was significantly lower compared to that of control media. While no significant 316 

difference in the growth of B. burgdorferi at pH7.6/23˚C (conditions mimicking unfed ticks) was 317 

observed in the presence or absence of 4 mM Spd (Fig S1), significant differences in growth rates 318 

in the presence of spermidine when cultures were grown at pH6.8/37˚C (conditions mimicking 319 

fed ticks). These studies indicate that the effects of polyamines overlap with other environmental 320 

signals encountered during the vector or mammalian phases of borrelial infection.     321 

 322 

Effects of spermidine and spermine on transcriptional rates of select borrelial determinants. 323 

Transcriptional analysis of cDNA generated from total B. burgdorferi RNA grown in the 324 

presence of Spd or Spm showed that ospC levels were significantly higher than in the control (Fig 325 

8), corresponding to protein expression levels (Fig 4).  We also saw higher levels of rpoS with 326 

Spm treatment (also corresponding to protein expression levels, Fig 4), while levels of flaB were 327 

lower than the control (Fig 8). ospA levels were decreased with both Spd and Spm treatment.  328 

These observations suggest that select polyamines can mediate changes in B. burgdorferi at the 329 

transcriptional level by potentially stabilizing select specific transcripts with minimal effects on 330 

their induction. 331 

   332 

Effects of cell density and polyamine on transcriptional levels in B. burgdorferi. Since there 333 

is an impact of the density of the spirochetes on borrelial gene expression, we determined the 334 

transcriptional levels of select borrelial determinants at low and high density in the presence or 335 
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absence of Spd. We focused on effects of Spd supplementation to discern whether there are other 336 

factors that contribute to the levels of rpoS, which was relatively lower in the Spd-treated sample 337 

and also to determine if there are differences in the long or short transcripts of rpoS induced in 338 

response to Spd (27). As shown in Fig 9A, when the media was supplemented with Spd, the 339 

levels of rpoS were significantly decreased in spirochetes grown to low density (1-2 x107 340 

cells/ml) compared to levels from spirochetes grown to high density (1-2 x108 cells/ml). The 341 

levels of ospC were also lower when Spd-treated cells were harvested at low density, while there 342 

was a significant increase in ospC expression when cells were grown to high density with Spd 343 

addition. These transcriptional analyses underscore the importance of the role of polyamines and 344 

other growth-dependent conditions such as cell density on gene expression in B. burgdorferi. 345 

Additionally, we determined the levels of short and long rpoS transcripts induced in response to 346 

different environmental cues (27). As shown in Fig 9B, the short rpoS transcript was up-regulated 347 

in Spd treated samples, while the long transcript was significantly down-regulated. In 348 

combination with density dependent signals, these data reflect the role of RpoS in Spd treated 349 

spirochetes. Both rpoZ and relBbu (bb0198) have been implicated in the metabolic response 350 

observed when spirochetes are shifted from minimal growth medium to nutritionally replete 351 

conditions that reflect the conditions in the mid-gut of tick before and after a blood meal (2, 10). 352 

The transcript levels of relBbu were significantly elevated in B. burgdorferi grown to low density 353 

in the presence of Spd, while the gene was down-regulated in the high-density, Spd-treated 354 

samples (Fig 9C). Levels of rpoZ were similar in treated and untreated low density samples, 355 

while the addition of Spd lead to downregulation of rpoZ when cells were grown to high density 356 

(Fig 9C). Consistent with our transcriptional data, immunoblot analysis revealed increased levels 357 

of RelBbu (BB0198) in Spd-treated  low density samples compared to untreated controls (Fig 9D).  358 

These observations indicate that the overall effects of polyamines on borrelial gene expression 359 

could also be influenced by other environmental cues and open new avenues for regulating the 360 

adaptive responses of B. burgdorferi in response to host-specific signals.  361 
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Effect of polyamines in the presence of serum. It has been previously shown that Gram-362 

negative bacteria such as Neisseria gonorrhoeae withstand the effects of cationic antimicrobial 363 

peptides, and complement-mediated killing in the presence of polyamines (15). As shown in Fig 364 

10B, B. burgdorferi grown in medium supplemented with heat inactivated rabbit serum (IS, 6% 365 

v/v) plus 4mM Spd had increased levels of OspC (IS, +Spd) compared to spirochetes grown in 366 

the presence of normal rabbit serum (NS, 6% v/v, +Spd). Levels of OspC in absence of Spd were 367 

comparable in B. burgdorferi grown in either IS (Fig 10B, IS, -Spd) or NS (Fig 10B, NS, -Spd). 368 

Immunoblot analysis also revealed increased levels of DbpA in lysates from B. burgdorferi 369 

grown with IS and Spd compared to those grown with NS and Spd. The levels of OspA and 370 

Oligopeptide permease A1 (OppA1) were similar in borrelial cultures grown with IS or NS with 371 

or without spermidine. These observations indicate that in vitro growth of B. burgdorferi in media 372 

supplemented with IS and Spd leads to higher levels of OspC and DbpA compared to growth with 373 

NS and Spd, suggesting that the presence of heat labile components in the serum potentially limit 374 

the effect of Spd. Although lipoproteins involved in the pathogenesis of B. burgdorferi such as 375 

OspC and DbpA are elevated in the presence of IS and Spd, the levels of another key borrelial 376 

lipoprotein, OspA, remained similar in the presence of either IS or NS plus Spd. The levels of 377 

OppA1 were similar in all samples examined, serving as a control reflecting the physiological 378 

status of the spirochetes grown in media supplemented with IS or NS with Spd.  379 

 380 

Effect of supplementation with arginine. In our initial analysis, addition of 4mM arginine (Arg) 381 

resulted in no detectable increase in the levels of RpoS and OspC compared to cultures grown 382 

with Spd or Spm (Fig 4). However, the levels of PotA were lower with Arg supplementation and 383 

therefore, we determined the effects of higher concentrations of Arg (up to 20mM) on expression 384 

of select B. burgdorferi proteins. Levels of PotA were increased, while levels of PotD were 385 

relatively unchanged when B. burgdorferi was grown with increasing concentrations of L-386 

Arginine (Fig 11B, α-PotA, -PotD).  The levels of arginine deiminase (ArcA), an enzyme that 387 
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participates in arginine metabolism, were elevated in lysates of B. burgdorferi grown in the 388 

presence of higher concentrations of arginine compared to untreated controls (Fig 11B, α-ArcA). 389 

The levels of P66, a porin, remained unchanged in B. burgdorferi with increasing concentrations 390 

of arginine (Fig 11B, α-P66). Bioinformatic analysis of the arginine utilization in B. burgdorferi 391 

is schematically described in Fig 11C and the implications of this pathway in borrelial physiology 392 

are discussed . 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 
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DISCUSSION 413 

B. burgdorferi has limited metabolic capabilities which imposes several limitations on its 414 

growth, metabolism, and virulence (34).  The spirochetes, however, utilize a variety of 415 

transporters to acquire many host-derived components to overcome their metabolic insufficiency 416 

and achieve successful colonization and survival in different compartments of the tick vector or 417 

vertebrate hosts (9). Thus investigating the role played by key host-derived components in 418 

borrelial physiology are likely to provide new avenues to alter the uptake of these biomolecules, 419 

limiting the survival and virulence potential. Among the multitude of host-derived molecules, 420 

polycations, polyamines, inorganic cations such as magnesium and calcium and metals (among 421 

others) known to contribute to functional conformations of nucleic acids, facilitating DNA 422 

replication, transcription, and translation (43). Notably, polyamines with a uniform distribution of 423 

positive charge serve as electrostatic bridges between the negatively charged phosphate backbone 424 

of nucleic acids, and other biologically-relevant negatively charged polymers affecting multiple 425 

cellular processes (23). Several studies have shown that biogenesis and degradation of 426 

oracquisition of polyamines via active transport from the host, modulate multiple biological 427 

processes such as nucleic acid and protein synthesis as well as cell growth, protection against 428 

oxidative stressors, and virulence (23, 30).  However, the role of polyamines in regulating the 429 

adaptive response of the agent of Lyme disease, a host-adapted pathogen lacking multiple 430 

metabolic pathways, has remained unexplored. 431 

Bioinformatic analysis of the borrelial genome revealed the presence of an ATP binding 432 

cassette (ABC) transport system comprised of a periplasmic substrate binding protein (PotD), two 433 

channel-forming transmembrane proteins (PotB and PotC), and a membrane-associated ATPase 434 

(PotA) (Fig 1A). The genes encoding these proteins are adjacent to each other in the borrelial 435 

chromosome, and are co-transcribed, suggesting the possibility of the transport system being 436 

regulated in response to the availability of the binding substrate/cargo (Fig 1B and 1C). The 437 

absence of apparent homologs of a polyamine biosynthetic pathway suggests that differences in 438 
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the transport of polyamines in different microenvironments could potentially influence the 439 

adaptive capabilities of B. burgdorferi. Moreover, B. burgdorferi is exposed to variations in 440 

signals, nutrients, and mediators of host immunity in different microenvironments, notably in the 441 

mammalian hosts and during transmission from a tick vector to the vertebrate host and vice versa. 442 

Polyamine transport and utilization could therefore serve to enhance the survival of the 443 

spirochetes by altering a variety of physiological responses pertinent to the host-specific 444 

conditions. For example, we noted that B. burgdorferi propagated under in vitro growth 445 

conditions mimicking the tick midgut before a blood meal had higher levels of PotA, reflecting 446 

differences in the levels of polyamine transport under temperature/pH parameters mimicking 447 

conditions of unfed- (pH7.6/23˚C) and fed-ticks (pH6.8/37˚C). It is possible that increased level 448 

of PotA in B. burgdorferi coincide with increased polyamine transport, which exists as a 449 

membrane permeant weak base when the pH of the medium is basic (pH7.6/23˚C). Furthermore, 450 

the borrelial PotA homolog has several conserved residues that have been shown to play a role in 451 

ATPase nucleotide binding and spermidine uptake in E. coli. These include Walker motif A 452 

(G40PSGC44GKT), and Walker motif B (L158LLLD162E) with C44 and D162 potentially involved in 453 

ATPase activity (18).  As shown in Fig 6, the levels of PotA were lower when B. burgdorferi was 454 

propagated with increased Spd compared to untreated spirochetes suggesting that the Spd levels 455 

modulate levels and presumably the ATPase activity of PotA. The changes in the levels of PotA 456 

in B. burgdorferi were similar to that observed for E. coli where the ATPase activity of PotA was 457 

shown to be lower with increasing concentrations of Spd (18).  458 

While PotA was elevated under unfed tick-midgut conditions, PotD, (the periplasmically-459 

located polyamine binding protein) was similar under both in vitro growth conditions mimicking 460 

the fed and unfed ticks. Although, the borrelial PotD homolog possesses S and D residues at 461 

positions 226 and 29, respectively and is similar to the PotD homolog of E. coli. However, these 462 

residues have been shown to be not critical for Put binding coupled with limited conservation in 463 

this region of PotD known to facilitate binding of Putrescine in E. coli (18). It is possible that the 464 
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borrelial PotD homolog binds to Put with less affinity compared to binding of Spd or Spm, two 465 

polyamines leading to changes in the levels of several borrelial determinants (Fig 4). 466 

Supplementation with 4 mM Spd resulted in lower levels of PotD, while the same level of Put 467 

exhibited no effect in the untreated control (Fig 4B, α-PotD).  Since potABCD is co-transcribed, 468 

it is possible that higher concentrations of Spd could regulate the levels of transcription of 469 

potABCD, as is the case previously demonstrated in E. coli, inhibitory effects of PotD were 470 

increased by Spd. Although we have not directly evaluated the binding constants with PotD, but 471 

the addition of exogenous Spd and Spm exhibited most dramatic effect on the borrelial proteins 472 

compared to other polyamines such as Cad or Put as well as polyamine precursors such as Arg 473 

and Ort (Fig 4B). Supplementation with Spd and Spm had the most dramatic effect on B. 474 

burgdorferi strain B31-A3 at pH7.6/32˚C (in vitro growth conditions not associated with 475 

increased levels of RpoS or rpoS-regulated proteins) with increased levels of RpoS and rpoS-476 

regulated borrelial lipoproteins that are known to contribute to the colonization of Lyme 477 

spirochetes in the mammalian hosts such as OspC, DbpA, and BBK32 (Fig 5 B and C). The 478 

increase in the levels of OspC and RpoS with addition of Spd and Spm was similar to the effects 479 

of pH and temperature mimicking the fed tick mid-gut (Fig 5B, Lane 1, pH6.8/37˚C). This is in 480 

contrast to B. burgdorferi grown under conditions mimicking an unfed tick (Fig 5B Lane 2, 481 

pH7.6/23˚C) as well as under laboratory growth conditions (Fig 5B, Lane 3, pH7.6/32˚C) without 482 

Spd and Spm supplementation. Importantly, it should be pointed out that the levels of polyamines 483 

present in the conventional BSKII growth medium containing 6% normal rabbit serum were not 484 

sufficient to alter the levels of key borrelial proteins at pH7.6/32˚C while supplementation with 485 

Spd and Spm resulted in  increased levels of the aforementioned proteins. However, the levels of 486 

FlaB (loading control), NapA, and P66 were similar in absence or presence of Spd or Spm and 487 

were similar to borrelial lysates from cultures propagated under conditions mimicking fed or 488 

unfed ticks indicating that polyamines exert effects only on specific borrelial determinants. These 489 

observations demonstrate that the supplementation with 4mM Spd or Spm increased levels of 490 
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RpoS and rpoS-regulated proteins in B. burgdorferi under in vitro growth conditions where the 491 

levels of these proteins are minimal. In summary, polyamines, and their transport serve to alter 492 

the levels of borrelial proteins in different microenvironments supporting the metabolic needs of 493 

the spirochetes in tick and mammalian hosts.  494 

The effect of polyamines in response to growth medium pH has been studied extensively 495 

in E. coli (6-8, 47). When pH is low, a reduction in the entry of exogenous amines, and an 496 

increase in the production of membrane permeant amines via arginine/ornithine/lysine 497 

decarboxylases results in  generation and efflux of putrescine and cadaverine to neutralize the 498 

acidity in the external environment is observed. This mechanism has been attributed to survival of 499 

enteric pathogens during their transit through the stomach. However, at high pH, deprotonated 500 

polyamines transit the cell membrane as weak bases, resulting in enhanced translation of RpoS, a 501 

critical sigma factor contributing to survival during stationary phase in E. coli (48-50). Although, 502 

there are significant pathogen-specific differences in the role of RpoS regulating gene expression 503 

between E. coli and B. burgdorferi, increased levels of polyamines resulted in elevated levels of 504 

RpoS and rpoS-regulated proteins in B. burgdorferi. One possible mechanism for this regulation 505 

is the acid stress response in B.  burgdorferi, although the borrelial genome does not encode a 506 

variety of genes contributing to polyamine-dependent modulation of the acid-stress response as 507 

observed in E. coli (8). For example, 5 genes, glutamate decarboxylase B (gadB), glutamate-508 

GABA antiporter  (gadC), outer membrane lipoprotein (slp), periplasmic chaperone of acid-509 

denatured proteins A (hdeA), and glutamate decarboxylase (gadA), involved in glutamate 510 

decarboxylase-dependent acid stress response were induced in E. coli following the addition of 511 

polyamine (13, 36). Since there are no apparent homologs of these genes in B. burgdorferi except 512 

for a glutamate transporter (GltP, BB0401),it is possible that the spirochetes possess enzymes that 513 

carry out similar functions but share little to no similarity to characterized homologs. Among 514 

three types of acid resistance systems (AR), the presence of known and unknown RpoS-515 

dependent response (AR1), and the absence of apparent homologs of glutamate decarboxylase 516 
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(AR2) and arginine decarboxylase (AR3) indicate that B. burgdorferi presumably have limited 517 

acid stress response mechanisms likely due to the near neutral pH they encounter, unlike the 518 

dramatic pH changes encountered by enteric pathogens. The specific ability of Spd and Spm to 519 

induce increased levels of RpoS and proteins of rpoS-regulated genes is indicative of a AR1-type 520 

acid stress response in B. burgdorferi; although, all the key players of this system are yet to be 521 

functionally characterized. Alternatively, it is possible that there exists functional redundancies 522 

distributed over a large array of hypothetical proteins that could mediate the acid stress response 523 

in B. burgdorferi.   524 

Since  supplementation of Spd or Spm induced levels of RpoS and rpoS 525 

dependent/independent pathogenesis-related proteins of B. burgdorferi, we determined if addition 526 

of  hydrophobic 1, 3-dicyclohexylcarbodi-imide (DCC) or polar 1-ethyl-3-(3-527 

dimethylaminopropyl)carbodi-imide (EDC), both of which are known polyamine transport 528 

inhibitors, alters the effects of 4mM Spd on the borrelial protein profile. Both these carbodi-529 

imides readily interact with carboxy groups of aspartate or glutamate residues that stabilize 530 

carrier-substrate interactions during polyamine transport (44). We did not observe any major 531 

alterations in the levels of the RpoS, OspC, DbpA, and BosR following addition of either DCC or 532 

EDC in conjunction with added 4 mM Spd (Fig 6). Consistent with previous observations, 533 

addition of Spd induced increased levels of the above proteins compared to untreated control. The 534 

levels of PotA were higher in the control samples, but lower in the presence of Spd independent 535 

of addition of DCC or EDC.  It is possible that the lack of an effect seen when using these 536 

compounds is due to the inaccessibility of carboxy groups of residues involved in stabilizing the 537 

substrate interactions within the polyamine transport system in B. burgdorferi.  Pursuit of 538 

synthetic compounds interfering with polyamine uptake is used therapeutically in cancer 539 

treatment. Non-metabolizable analogs of polyamines are an ideal group of drug candidates to test 540 

against borrelial infection, as regular polyamines are able to modulate the expression of key 541 

virulence-related proteins in B. burgdorferi. These therapeutic pursuits could potentially 542 
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reduce/prevent the colonization capabilities of spirochetes in infected hosts. Structural mimics of 543 

polyamines offers a rational strategy to reduce or eliminate B. burgdorferi burden from infected 544 

vertebrate hosts, and help in reducing the incidence of Lyme disease. 545 

Lower levels of the long-form of rpoS was observed in B. burgdorferi exposed to Spd 546 

compared to untreated or Spm-treated spirochetes; although the mRNA levels for ospC were 547 

significantly higher following treatment with both polyamines (Fig 8). The short rpoS transcript, 548 

however, was significantly higher in the Spd-treated spirochetes indicating differences in the 549 

transcriptional levels of rpoS (Fig 9B). Significant differences were also noted in the levels of 550 

rpoS transcripts in spirochetes grown to low or high densities in the presence of polyamines. 551 

Interestingly, an increase in transcript levels specific to ospA was observed at low density while 552 

both rpoS and ospC levels were higher in cultures grown to higher density in the presence of Spd. 553 

The growth rates of spirochetes in the presence of 4 mM Spm and Spd also reflected the 554 

differences noted in the levels of RpoS, OspC, with Spm treated spirochetes showing a 555 

significantly lower cell density after 96 hrs (Fig 7). These observations indicate that the effects of 556 

polyamines on borrelial gene expression/growth rates are affected by additional culture 557 

conditions reflecting the complex regulatory nature of the adaptive gene expression in Lyme 558 

spirochetes.  559 

Previous studies have shown that polyamines increase the viability of E. coli in the 560 

stationary phase by increasing the levels of ppGpp regulatory protein (SpoT) and the omega (ω) 561 

subunit of the RNA polymerase (RpoZ) (5). We found that the transcript levels of rpoZ were 562 

similar at low density with and without Spd, while the addition of Spd and growth to high density 563 

led to a significant decrease in transcription. On the other hand, relBbu (bb0198) was significantly 564 

upregulated in the lower density culture with the addition of Spd (Fig 9C). Moreover, protein 565 

levels of RelBbu were higher in Spd-treated spirochetes grown to low density consistent with what 566 

was observed at the transcriptional level (Fig 9D).  RelBbu is a bifunctional synthetase/hydrolase 567 

controlling the levels of guanosine tetra/penta phosphate [(p)ppGpp]. (p)ppGpp has been shown 568 
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to play a role in the regulation of the stringent response during the survival of B. burgdorferi in 569 

the tick vector or during starvation (2, 10). While temperature, growth phase, or pH of the media 570 

did not affect the transcriptional level of relBbu, shifting the spirochetes from nutritionally starved 571 

media to that supplemented with rabbit serum significantly induced its transcription (10). 572 

Although the culture conditions used in this study are different, we did observe that the addition 573 

of Spd in low-density cultures significantly induced the levels of RelBbu at both  the 574 

transcriptional and translational level (Fig 9 C&D). These observations indicate that polyamines, 575 

specifically Spd and Spm, may contribute B. burgdorferi adaptation as it transits from nutrient 576 

limited to nutrient enriched conditions within the midgut of the tick or during various stages of 577 

dissemination through different tissues.  578 

A key in vitro growth component that allows the spirochetes to recover from starvation is 579 

rabbit serum, and this was reflected with increased transcription of relBbu (2, 10). Importantly, 580 

polyamines affect the surface composition, notably porins, in many bacterial species. 581 

Furthermore, polyamines increase the ability of Neisseria gonorrhoeae to withstand the effects of 582 

cationic antimicrobial peptides and complement-mediated killing (15). While the protein profile 583 

of spirochetes grown in media with heat inactivated or normal rabbit serum were similar (Fig 10), 584 

supplementation with 4 mM Spd with heat inactivated serum resulted in a noticeable increase in 585 

the levels of OspC and DbpA compared levels with normal serum, although the levels of OspA 586 

and OppA1 were similar under all conditions (Fig 10B). It is interesting to speculate that the 587 

presence of heat-labile serum components  interfering with the availability of Spd or alternatively, 588 

the heat inactivated serum containing components that contribute to increased induction of levels 589 

of OspC and DbpA in the presence of 4mM Spd.   590 

Lyme spirochetes lack the full spectrum of homologs of 4 different pathways that have 591 

been characterized in other bacterial systems for catabolism of arginine such as 1) arginase, 2) 592 

arginine deiminase (ADI), 3) arginine succinyltransferase (AST), and 4) arginine transaminase  593 

pathways except for the presence of some members of the ADI pathway: ArcA (BB_0841, 594 
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arginine deiminase), ArgF (BB_0842, ornithine carbamoyltransferase), and ArcD (BB_0843, 595 

arginine/ornithine antiporter) (46). ArcA is the first enzyme that converts arginine to citrulline 596 

with the release of NH3 molecule (Fig 11). Citrulline then converted to carbamoyl phosphate by 597 

ArcB or to ornithine by ArgF. Since B. burgdorferi has an ORF annotated as ArgF, it is possible 598 

that increased amounts of arginine lead to increased levels of ornithine which would presumably 599 

be effluxed out via ArcD (arginine/ornithine antiporter). Since there is no apparent homolog of 600 

ArcC (carbamate kinase) in B. burgdorferi, it is unknown if carbamoyl-phosphate is indeed 601 

generated via the effects of ArcB and in turn converted to ammonia and carbon dioxide with 602 

concommitant generation of ATP by an ArcC-like homolog (Fig 11C). Taken together, these 603 

observations indicate that B. burgdorferi presumably possesses a truncated arginine deiminase 604 

pathway for metabolism of arginine, and therefore cannot utilize this polyamine precursor for the 605 

synthesis of polyamines. Moreover, there are no apparent homologs of the arginase pathway in B.  606 

burgdorferi such as RocF, RocD, and RocA, it is likely that B. burgdorferi is dependent on the 607 

host for polyamines. These bioinformatic-based observations indicate that B. burgdorferi has 608 

limited or truncated metabolic pathways underscoring unique pathogen-host interactions. In 609 

summary, understanding the mechanisms of transport of polyamines and their role in connecting 610 

the physiology of B. burgdorferi to  virulence potential is certain to provide novel tools to reduce 611 

the borrelial burden in infected reservoir hosts;  thereby, interfering with the transmission kinetics 612 

leading to a reduction in the incidence of Lyme disease.     613 

 614 
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TABLES 647 

Table 1. Oligonucleotides used in this study. 648 
recAFq  ATGCTCTTGATCCTGTTTATGCAA 
recARq  GGTATCAGGCTGACTAAGCCAAA 
flaBFq  CAGCTAATGTTGCAAATCTTTTCTCT 
flaBRq  TTCCTGTTGAACACCCTCTTGA 
rpoSFq  AGATATGCGGGTAAAGGGTTAAAA 
rpoSRq  CAGCAGCTCTTATTAATCCCAAGTT 
ospCFq  AATCAGTAGAGGTCTTGTCAAAAGCA 
ospCRq  CCACAACAGGGCTTGTAAGCT 
ospAFq CCAAAGACAAGTCATCAACAGAAGAA 
ospARq  GGTTCCGTCTGCTCTTGTTATTATTT 
PotA-B_int_F  TGTAATACGCCCAGAAGATG 
PotA-B_int_R  TTCTCATCCAGGCATAAGTTC 
PotB-C_int_F  TGAAGCATCACAAGATCTTGG 
PotB-C_int_R  AGATTATGGCTATTAAAATGGTG 
PotC-D_int_F  ATCCGGAAATCGCAGGAAG 
PotC-D_int_R  GCCTTCATCGATTAATTCTTG 
BB0639F/NdeI  ACGCCATATGAAAAAAATTTTTATATTAATAG 
BB0639R/XhoI  ACGCCTCGAGAGAAGACAGAATTAAATATATT 
BB0642F/NheI  TCGCCGCTAGCTTGGATAATTGTATCCTAGAG 
BB0642R/XhoI  TGCGGCTCGAGTTCCTTATGCATAACATGAATATC 
BB0198 qRT F TGTTTACACCCCAGAAGGAGAAG 
BB0198 qRT Rv GCATAAAGAGCTTGATCTCCAATATCT 
RpoZ q RT Fw GCGCACTGAGCAAATTATAGACA 
RpoZ q RT Rv CGTCATTAAAAGCTTGCCCTAATAT 
 649 
 650 
 651 
 652 
 653 
 654 
 655 
 656 
 657 
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 660 
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Table 2. Plasmids and strains used in this study.     672 
                                                                                                                                673 
Plasmids   Description     Reference or source 674 
pCR2.1-TOPO    PCR cloning vector     Invitrogen  675 
pET23a   Expression vector with a C-terminal 6-His tag  Novagen 676 
pJR-100  bb0639 cloned into pCR2.1    This study 677 
pJR-101  bb0639 cloned into pET23a    This study 678 
pJR-102  bb0642 cloned into pCR2.1    This study 679 
pJR-103  bb0642 cloned into pET23a    This study 680 
 681 
B. burgdorferi strains Description     Reference or source 682 
B31-A3 (wt)  B31, low passage, virulent isolate   (1) 683 
 684 
Reference: 685 

1. Elias AF, Stewart PE, Grimm D, Caimano MJ, Eggers CH, Tilly K, et al. Clonal 686 
polymorphism of Borrelia burgdorferi strain B31 MI: implications for mutagenesis in an 687 
infectious strain background. Infect Immun. 2002;70(4):2139-50. PMCID: 127854. 688 
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FIGURE LEGENDS 705 

Fig 1 Polyamine transport system of B. burgdorferi. (A) Schematic representation of the 706 

polyamine transport system. PotD is localized in the periplasmic space, PotB and PotC make up a 707 

channel across the plasma membrane for polyamine access. PotA exhibits ATPase activity that 708 

facilitates polyamine transport. The model is based upon a polyamine transport system found in 709 

E. coli (19). (B) Organization of potABCD transport system in the chromosome of B. burgdorferi. 710 

The arrows with numbers refer to the primers used in the RT-PCR depicted below. (C) 711 

Transcriptional analysis of potABCD genes in B. burgdorferi strain B31-A3. The RT-PCR 712 

products were separated on a 1% agarose gel. Lanes 1 to 4, PCR using primer sets 1 and 2. ; lanes 713 

5 to 8, PCR using primer sets 3 and 4; lanes 9 to 12, PCR using primer sets 5 and 6 . Templates 714 

used in all PCR amplifications are from B31-A3, and are as follows:  lanes 1, 5, and 9: PCR 715 

master mix with no template (double-distilled water control);  lanes 2, 6, and 10: total RNA (RT 716 

control); lanes 3, 7, and 11: cDNA (RT);  lanes 4, 8, and 12: total genomic DNA. 717 

 718 

Fig 2. Levels of PotA and PotD in B. burgdorferi. (A) Protein profile for B. burgdorferi grown 719 

under conditions mimicking the tick vector before  (pH7.6/23˚C) and after (pH6.8/37˚C), a blood 720 

meal. (B) Immunoblot analysis with anti-PotD or -PotA antibodies reveals increased levels of 721 

PotA under unfed-tick mimicking conditions as described above. Molecular weight markers in 722 

kilodaltons (kDa) are indicated to the left. 723 

 724 

Fig 3. PotD is a periplasmic protein of B. burgdorferi. Proteinase K treated (+PK) intact B. 725 

burgdorferi or untreated (-PK) were subjected to immunoblot analysis. (A) Coomassie blue-726 

stained 12.5% SDS PAGE gel of B. burgdorferi depicting the protein profile before and after PK 727 

treatment. (B) Immunoblot analysis using monoclonal antibodies against FlaB or monospecific 728 

serum against PotD, PotA, and P66. Molecular weight markers in kilodaltons (kDa) are indicated 729 

to the left. 730 
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 731 

Fig 4. Effect of polyamines or their precursors on B. burgdorferi protein profile. B. 732 

burgdorferi was grown in the absence (Ctrl) or presence of 4 mM spermidine (Spd), spermine 733 

(Spm), arginine (Arg), cadaverine (Cad), ornithine (Ort), and putrescine (Put) at 32°C/pH 7.6. (A) 734 

Total cell lysates were separated on a 12.5% SDS-PAGE gel, and stained with Coomassie 735 

brilliant blue. (B) Proteins were transferred to a PVDF membrane, and probed with specific 736 

antisera indicated to the right. Several proteins critical for the colonization of the vertebrate host 737 

were up-regulated in the presence of Spd and Spm while the effect of other 738 

polyamines/polyamine precursors were less dramatic. Molecular weight markers in kilodaltons 739 

(kDa) are indicated to the left. Blot probed with RpoS, exposed for a longer period of time, is 740 

indicated by an asterisk. 741 

 742 

Fig 5. Effect of spermidine and spermine on virulence associated proteins of B.  burgdorferi. 743 

Spirochetes were grown under different in vitro growth conditions mimicking the tick vector 744 

before (pH7.6/23˚C), after (pH 6.8/37˚C) blood meal or under laboratory growth conditions 745 

(pH7.6/32˚C) supplemented with 4mM Spd or Spm. (A) Total cell lysates were separated on a 746 

12.5% SDS-PAGE gel and stained with Coomassie brilliant blue. (B) Immunoblot analysis of 747 

borrelial samples grown under conditions mimicking the fed state (Lane 1), unfed state (Lane 2) 748 

of tick midgut, laboratory growth conditions (Lane 3) and laboratory growth conditions plus 749 

4mM Spd (Lane 4) or 4 mM Spm (Lane 5). (C) Immunoblot analysis of B. burgdorferi grown 750 

under laboratory growth condition alone (Lane 3) and with either 4 mM Spd (Lane 4) or Spm 751 

(Lane 5).   Molecular weight markers in kilodaltons (kDa) are indicated to the left.   752 

 753 

Fig 6. Effects polyamine transport inhibitors on B. burgdorferi.  B. burgdorferi grown under 754 

laboratory growth conditions (Lane 1, pH7.6/32˚C) and in the presence of 4mM Spm (Lane 2) 755 

was treated with 5mM DCC (Lane 3) or 5mM EDC (Lane 4) . (A) Total cell lysates were 756 
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separated on a 12.5% SDS-PAGE gel and stained with Coomassie brilliant blue. (B) Immunoblot 757 

analysis with serum generated against PotA, RpoS, BosR, DbpA, and OspC. The inhibitors do not 758 

appear to lead to alterations in protein expression levels.  Molecular weight markers in 759 

kilodaltons (kDa) indicated to the right. 760 

 761 

Fig 7. Growth rates of B. burgdorferi in the presence of spermidine or spermine. B.  762 

burgdorferi was grown in triplicate in the absence or presence of  4 mM spermine or spermidine 763 

at 32˚C/pH7.6. Growth was monitored every 24 hrs for 168 (Spm) or 120 (Spd) hrs by examining 764 

the motility of spirochetes as a measure of viability by dark field microscopy.  A representative 765 

experiment is shown. 766 

 767 

Fig 8. Effect of spermine and spermidine on borrelial gene expression. Spirochetes were 768 

grown at pH 7.6/32°C in BSK-II growth medium (white bars), and in the presence of 4mM Spd 769 

(checkered bar) or 4mM Spm (hatched bar). Spirochetes were collected at 100 spirochetes per 770 

field. RNA was isolated and subjected to reverse transcription-PCR using primers specific for 771 

rpoS, flaB, ospC, and ospA. Primers specific for recA were used for normalization of the 772 

transcript levels between samples under different growth conditions. Normalized CT values were 773 

subjected to unpaired Student’s t-test using PRISM software. Statistical significance was accepted 774 

when P values were less than 0.05. Asterisks indicate samples whose CT values are statistically 775 

significantly different between untreated control and treated sample. (***, P < 0.001). 776 

 777 

Fig 9. Effect of spermidine on density-dependent borrelial gene expression. Spirochetes were 778 

propagated at pH 7.6/32°C in BSK-II growth medium in the absence (white bars) or presence 779 

(black bars) of 4mM spermidine, and collected at 40 cells (LD; low density) or 100 cells (HD, 780 

high density) per field. RNA was isolated and subjected to reverse transcription-PCR using 781 

primers specific for ospA, rpoS, and ospC (A); short or long rpoS (B); rpoZ and relBbu (C). 782 
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Samples were normalized relative to the value for recA. CT values were collected and subjected to 783 

unpaired Student’s t test using Prism software. The asterisks indicate samples whose CT values 784 

are statistically significantly different between untreated control and treated sample. (***, P < 785 

0.001). (D) Immunoblot analysis of lysates of B. burgdorferi grown in the absence (-) or presence 786 

(+) of 4 mM Spd with anti-BB0198 (RelBbu) serum. Molecular weight markers in kilodaltons 787 

(kDa) indicated to the right. 788 

 789 

Figure 10. Effect of serum and polyamines on B. burgdorferi. Spirochetes were grown 790 

(pH7.6/32˚C) in the presence of heat inactivated (IS) or normal rabbit serum (NS) either without 791 

(-) or with (+) Spd. (A) Total cell lysates were separated on a 12.5% SDS-PAGE gel and stained 792 

with Coomassie brilliant blue. (B) Immunoblot analysis with antibodies against OspC, DbpA, 793 

OspA, and OppA1. Molecular weight markers in kilodaltons (kDa) are indicated to the right. 794 

 795 

Fig 11. Effect of arginine on select borrelial proteins.  B. burgdorferi were grown in the 796 

absence or presence (up to 20 mM) of arginine until the spirochete density reached 1x108 cells 797 

per ml. (A) Total cell lysates were separated on a 12.5% SDS-PAGE gel, and stained with 798 

Coomassie brilliant blue.  (B) Immunoblot analysis with antibodies against P66, PotA, PotD, and 799 

ArcA. Molecular weight markers in kilodaltons (kDa) are indicated to the right. (C). A 800 

bioinformatic based model for the uptake and conversion of arginine to citrulline and ornithine.  801 

 802 

Supplementary Figures S1 and S2. Growth rates of B. burgdorferi in the presence of 803 

spermidine or spermine. B.  burgdorferi was grown in triplicate in the absence or presence 4 804 

mM spermidine under in vitro growth conditions mimicking unfed (pH7.6/23˚C) or fed ticks 805 

(pH6.8/37˚C) . Growth was monitored every 24 hrs for 192 hrs by examining the motility of 806 

spirochetes as a measure of viability by dark field microscopy.  A representative experiment is 807 

shown. 808 
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