
University of New Haven
Digital Commons @ New Haven

Biology and Environmental Science Faculty
Publications Biology and Environmental Science

11-23-2016

Influence of Tick and Mammalian Physiological
Temperatures on Borrelia Burgdorferi Biofilms
Shafiq Shaikh
University of New Haven

Venkata Arun Timmaraju
University of New Haven

Jason Torres
University of New Haven

Kayla Socarras
University of New Haven

Priyanka A. Theophilus
University of New Haven

See next page for additional authors

Follow this and additional works at: http://digitalcommons.newhaven.edu/biology-facpubs

Part of the Biology Commons, and the Ecology and Evolutionary Biology Commons

Comments
This is the authors' accepted version of the article published in the journal Microbiology. The version of record may be found at the Microbiology
Society web site via http:dx.doi.org/10.1099/mic.0.000380

Publisher Citation
Shaikh, S., Timmaraju, V. A., Torres, J. P., Socarras, K. M., Theophilus, P. A., & Sapi, E. (2016). Influence of tick and mammalian
physiological temperatures on Borrelia burgdorferi biofilms. Microbiology, 162(11), 1984-1995.

http://digitalcommons.newhaven.edu?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.newhaven.edu/biology-facpubs?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.newhaven.edu/biology-facpubs?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.newhaven.edu/biology?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.newhaven.edu/biology-facpubs?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/14?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages
http:dx.doi.org/10.1099/mic.0.000380%20http:dx.doi.org/10.1099/mic.0.000380%20
http:dx.doi.org/10.1099/mic.0.000380%20http:dx.doi.org/10.1099/mic.0.000380%20


Authors
Shafiq Shaikh, Venkata Arun Timmaraju, Jason Torres, Kayla Socarras, Priyanka A. Theophilus, and Eva Sapi

This article is available at Digital Commons @ New Haven: http://digitalcommons.newhaven.edu/biology-facpubs/59

http://digitalcommons.newhaven.edu/biology-facpubs/59?utm_source=digitalcommons.newhaven.edu%2Fbiology-facpubs%2F59&utm_medium=PDF&utm_campaign=PDFCoverPages


Downloaded from www.microbiologyresearch.org by

IP:  130.132.173.7

On: Fri, 14 Oct 2016 04:39:36

Microbiology
 

Influence of tick and mammalian physiological temperatures on Borrelia burgdorferi
biofilms

--Manuscript Draft--
 

Manuscript Number: MIC-D-16-00134R1

Full Title: Influence of tick and mammalian physiological temperatures on Borrelia burgdorferi
biofilms

Short Title: Borrelia biofilm phenotypes at 23⁰C, 33⁰C and 37⁰C

Article Type: Standard

Section/Category: Physiology and metabolism

Corresponding Author: Shafiq Shaikh, BTech, MS
Yale University School of Medicine
new haven, connecticut UNITED STATES

First Author: Shafiq Shaikh, BTech, MS

Order of Authors: Shafiq Shaikh, BTech, MS

Venkata Arun Timmaraju, BSC, PGD, MS

Jason P Torres, BS

Kayla M Socarras, BS, MS

Priyanka A.S. Theophilus, BTech, MS, MS

Eva Sapi, Phd

Abstract: The spirochete bacterium Borrelia burgdorferi sensu lato is the etiologic agent of Lyme
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burgdorferi can exist in different morphological forms including an antibiotic resistant
form called biofilms both in vitro and in vivo. B. burgdorferi forms aggregates in ticks as
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Abstract 18 

The spirochete bacterium Borrelia burgdorferi sensu lato is the etiologic agent of Lyme disease. 19 

Borrelia is transmitted to mammals through tick bite and is adapted to survive at tick and 20 

mammalian physiological temperatures. We have previously shown that B. burgdorferi can exist 21 

in different morphological forms including an antibiotic resistant form called biofilms both in vitro 22 

and in vivo. B. burgdorferi forms aggregates in ticks as well as in humans, indicating potential of 23 

biofilm formation at both 23⁰C and 37⁰C. However, the role of various environmental factors that 24 

influence Borrelia biofilm formation are yet unknown. In this study, we investigated the effect of 25 

tick (23⁰C), mammalian physiological (37⁰C) and standard in vitro culture temperature (33⁰C) 26 

with the objective of elucidating the effect of temperature on Borrelia biofilm phenotypes in vitro 27 

using two B. burgdorferi sensu stricto strains (B31, and 297). Our findings show increased biofilm 28 

quantity, biofilm size, exopolysaccharide content and enhanced adherence as well as reduced free 29 

spirochetes at 37⁰C for both strains, when compared to growth at 23⁰C and 33⁰C. There were no 30 

significant variations in the biofilm nanotopography and the type of extracellular polymeric 31 

substance in Borrelia biofilms formed at all three temperatures. Significant variations in 32 

extracellular DNA content were observed in the biofilms of both strains cultured at the three 33 

temperatures. Our results indicate that temperature is an important regulator of Borrelia biofilm 34 

development and the mammalian physiological temperature favours increased biofilm formation 35 

in vitro compared to tick physiological temperature and in vitro culture temperature.  36 
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 37 

Introduction 38 

With approximately 300,000 new cases reported by Center for Disease Control (CDC), Lyme 39 

disease is the most common vector borne illness in the United States (Gomes-Solecki, 2014). Lyme 40 
disease is caused by the pleomorphic spirochete B. burgdorferi and is transmitted to humans and 41 
vertebrates through the bite of Ixodes tick (Wang et al., 1999; Rudenko et al., 2011 ; Brisson et al., 42 
2010).  43 

B. burgdorferi has been observed in different morphological forms such as spherical cyst-like form 44 
(Al-Robaiy et al., 2010 ; Alban et al., 2000 ; Miklossy et al., 2008), detaching pearl-like or granular 45 
structures  (Aberer & Duray, 1991 ; Garon et al., 1989 ; Barbour & Hayes, 1986) and aggregates 46 
(Srivastava & de Silva, 2009 ; Sapi et al., 2012). Recently, we and others have shown that B. 47 

burgdorferi forms biofilms or aggregates in vitro and in vivo (Sapi et al., 2012 ; Sapi et al., 2016 48 
; Timmaraju et al., 2015 ; Merilainen et al., 2015) as well as highly drug resistant persisters 49 

(Embers et al., 2012 ; Theophilus et al., 2015 ; Feng et al., 2014). 50 

Bacterial biofilms are conglomerates of planktonic organisms characterized by the presence of a 51 
rich extracellular polymeric substance (EPS) which shield constituent individuals  (including 52 

persisters) from adverse environmental conditions (Flemming and Wingender 2010 ; O’Toole et 53 
al., 2000 ; Stewart & Franklin, 2008). Biofilms are highly resistant antimicrobial agents and are 54 

very difficult to eradicate, thereby contributing towards chronicity of the infections (Lewis, 2007 55 
; Sapi et al., 2011; Høiby et al., 2010).  56 

EPS plays major role in biofilm development (initial substrate adhesion), maturation (rigidity and 57 
structure) and protection (antibiotic resistance) (Sutherland, 2001; Vu et al., 2009). Temperature 58 

is a major environmental factor that regulates EPS production, thereby determining biofilm 59 

phenotypes in various bacteria such as Yersinia pestis, Listeria monocytogens, Staphylococus 60 
aeureus and Enterococcus faecium (Czaczyk & Myszka, 2007 ; Hinnebusch & Erickson, 2008 ; 61 
Yoong et al., 2012 ; Di Bonaventura et al., 2008 ; Ochiai et al., 2014 ; Obana et al., 2014). 62 

B. burgdorferi is adapted to survival in multiple hosts and infects humans and mice, whose 63 

physiological temperature is 37⁰C, whereas its vector, the Ixodes scapularis tick has a 64 

physiological temperature of 23⁰C. B. burgdorferi forms aggregates,  in both ticks and humans, 65 

indicating potential biofilm formation at both 23⁰C and 37⁰C (Sapi et al., 2016 ; Dunham-Ems et 66 
al., 2009).   67 

Interestingly, the tick-human life cycle of B. burgdorferi parallels the flea-human life cycle of Y. 68 

pestis, the bubonic plague causative bacterium. Y. pestis forms attached biofilms in the flea foregut 69 

and is transmitted to the mammalian host through biofilms (Hinnebusch & Erickson, 2008). Also, 70 

in Y. pestis biofilms, the expression of a major EPS polysaccharide poly-N-acetyl glucosamine 71 

differs between the mammalian temperature of 37⁰C compared to the flea temperature of 28⁰C 72 

(Yoong et al., 2012). Studying B. burgdorferi biofilm formation at tick and mammalian 73 

physiological temperatures (23⁰C and 37⁰C, respectively), as well as in vitro culture temperature 74 

(33⁰C) may shed light on biofilm development, morphology and EPS characteristics, and lead to 75 

a better understanding of Borrelia biofilm life cycle. 76 
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In this study, we analyzed the role of tick and mammalian physiological temperatures in 77 

determining the biofilm phenotypes of two wild type B. burgdorferi strains, adapted to growth in 78 
ticks and mammals - strain B31 isolated from tick Ixodes dammini and strain 297 isolated from 79 
human cerebrospinal fluid (Johnson et al., 1984). Using comprehensive cell-based assays and 80 

atomic force microscopy, we found that the mammalian physiological temperature 37⁰C (in vitro) 81 
provides a suitable niche favouring increased biofilm formation by B. burgdorferi. 82 

Materials and methods 83 

Bacterial strains and culture conditions 84 

Low passage isolates of Borrelia burgdorferi B31 strain (ATCC # 35210) and Borrelia burgdorferi 85 

strain 297 (ATCC # 53899), were cultured in BSK-H media (Sigma) supplemented with 6% rabbit 86 

serum (Pel-Freeze) in 15 ml sterile glass tubes at 33⁰C and 5% CO2 without any antibiotics. The 87 

B31 strain was isolated from tick Ixodes dammini and strain 297 was isolated from human 88 

cerebrospinal fluid (Johnson et al., 1984). For biofilm formation, Borrelia spirochetes (500,000) 89 

were seeded onto 4-well Permanox chamber (Lab-Tek II) or glass chamber slides (Thermo 90 

Scientific) or 48-well cell culture plates (Corning) and cultured at 23⁰C, 33⁰C or 37⁰C at 5% CO2 91 

without antibiotics for 7 days, as described previously (Sapi et al., 2012).   92 

Biofilm coverage estimation 93 

Culture media from the 4-well Permanox chamber slide cultures were removed and five random 94 

phase contrast micrographs per well for three wells for each temperature (n=9) were captured for 95 

the adherent biofilms using Axio Observer A1 microscope TM (Zeiss). Image J software (Rasband, 96 

W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 97 

http://imagej.nih.gov/ij/) was used for image analysis. Image scale was calibrated using the set 98 

scale tool in the analyze menu. The phase contrast images were processed for mean biofilm 99 

coverage area and mean individual biofilm area by coloring the boundaries of the biofilm through 100 

the paint tool. The colored boundaries were then selected for analysis using the threshold tool in 101 

the image menu. After the boundaries were selected, the area enclosed by the boundaries was then 102 

analyzed through the analyze particles tool in the analyze menu by checking the option “include 103 

holes”. 104 

Atomic force microscopy 105 

Contact mode atomic force microscopy was performed on Borrelia biofilms using a Nanosurf 106 

Easyscan 2 Flex AFM with SHOCONG probes (AppNANO™)  as previously described 107 

(Timmaraju et al., 2015). Biofilms were scanned at a constant force mode by scanning 256 points 108 

per line using 10.3nN set point with P gain of 1200, I gain of 300 and D gain of zero. The scans 109 

obtained were processed using Gwyddion (http://gwyddion.net/). Mean biofilm height was 110 

obtained by scanning 4 different biofilms for each strain at the three different temperatures (n=4).  111 

EPS staining  112 

EPS staining was performed as previously described, using a mannose specific HHA lectin (495 113 

nm) and an alginate specific antibody (594 nm) (Sapi et al., 2012 ; Timmaraju et al., 2015). 114 

Fluorescent micrographs of the biofilms were captured with Leica DM2500 microscope at 400X. 115 

http://gwyddion.net/
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Alginate and HHA lectin specificity was verified by inhibiting Alginate antibody with 0.05M 116 

sodium alginate and HHA lectin with 0.5 M mannose prior to incubation with biofilms.   117 

Extracellular DNA staining and quantification 118 

Borrelia spirochetes were cultured for 7 days on a 48 well cell culture plate (Corning) to initiate 119 

biofilm formation. Culture media was removed and 150µl of TE SYBR green (1:400 in TE buffer) 120 
was added to the wells. The plates were then shaken at 150 rpm for 15 min and fluorescence 121 
intensity was measured at excitation 485nm / emission 528nm (n=3). Lambda DNA (InvitrogenTM, 122 
Molecular probes) was used to generate eDNA standards (n=2) at concentrations 31.25µg/ml, 123 
28.75µg/ml, 26.25µg/ml, 23.75µg/ml, 21.25µg/ml, 18.75µg/ml, 16.25µg/ml and 13.75µg/ml 124 

[Supplementary fig. S3]. Raw fluorescence intensity values were interpolated into eDNA 125 
concentrations using GraphPad Prism 6 (GraphPad Software, La Jolla California USA, 126 

www.graphpad.com). eDNA staining of the biofilm was obtained by adding 200µl of SYBR green 127 

(1:400 in TE buffer) to the biofilm culture. The cell culture plate was incubated for 5 min and the 128 
culture media was removed. Fluorescent micrographs of the biofilms were acquired using ZOE 129 
fluorescent cell imager (Biorad) at 200X. Extracellular DNA content in the biofilms was divided 130 

by the log transformed mean biofilm coverage area (µm2) and the ratio was expressed as the 131 
content of extracellular DNA (eDNA) in the biofilm per µm2 of the biofilm (µg/µm2).    132 
  133 
Free spirochete counting 134 

Borrelia spirochetes after 7 days of culture were stained with SYBR Green dye (497 nm) (Thermo 135 

Fisher) and fluorescent micrographs were acquired using Leica DM2500 fluorescence microscope 136 

at 200X, scale bar = 100µm. Free Borrelia spirochetes (unstained) in the culture were counted by 137 

taking two microliter of culture from 4-well chambers slides at different temperatures, followed 138 

by counting the spirochetes in 5 different grids on a Petroff-Hausser chamber (Hausser Scientific) 139 

using dark field microscopy (n=9). The data was log transformed and the mean number of 140 

spirochetes per grid were analyzed. 141 

Total carbohydrate assay 142 

B. burgdorferi spirochetes were cultured as described above to initiate biofilm formation on 48-143 

well cell culture plates (Corning). The media was removed and the adherent biofilms were scraped 144 

from the wells (n=9) with PBS, pH 7.4. The mixture was then centrifuged at 1650 g for 5 min to 145 

pellet the biofilm. The supernatant was discarded and the biofilms were then resuspended in 200 146 

µl deionized water. One hundred microliters of 5% phenol (Fisher) and 500 µl of 100% sulfuric 147 

acid (Fisher) were added to the mix. The plate was then incubated in dark for 20 min at room 148 

temperature before reading the absorbance at 485 nm. Carbohydrate standards were generated by 149 

performing total carbohydrate assay on glucose concentrations of 16 mg/ml, 8 mg/ml, 4 mg/ml, 2 150 

mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25mg/m, 0.125 mg/ml and 0.0625 mg/ml [Supplementary fig. S2]. 151 

The total carbohydrate content of the biofilms (mg/ml) were interpolated from the carbohydrate 152 

standards using GraphPad Prism 6 (GraphPad Software, La Jolla California USA, 153 

www.graphpad.com). Carbohydrate content in the biofilms (µg) cultured at the three temperatures 154 

was divided by log transformed mean biofilm coverage area (µm2). The ratio was expressed as the 155 

content of carbohydrates present in the biofilm per µm2 of the biofilm (µg/µm2).  156 

http://www.graphpad.com/
http://www.graphpad.com/
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Biofilm adherence assay 157 

B. burgdorferi spirochetes were cultured as described above to initiate biofilm formation on 48-158 

well cell culture plates (Corning). To determine the adherence of the biofilms, shaking technique 159 

was used (Srere, 1973 ; Dutta & Willcox, 2013 ; Katsikogianni & Missirlis, 2004). Briefly, after 7 160 

days of culturing, 3 random phase contrast micrographs were taken for each well containing 161 

biofilms as well as culture media for each temperature. Then the plates were shaken at 60 rpm for 162 

10 sec on a horizontal orbital shaker. The culture media was removed and 3 additional random 163 

phase contrast micrographs were taken for all the wells (n=9) for each temperature containing only 164 

adherent biofilms. The number of biofilms per a field of view were counted and averaged before 165 

and after shaking and the data was presented as a percentage. 166 

Statistical analysis 167 

All the statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, La Jolla 168 

California USA, www.graphpad.com). At least three independent measurements were made for 169 

all experiments, and the raw data was represented as mean ± standard deviation, data was Log 170 

transformed where indicated. Two-way analysis of variance (ANOVA) was performed using 171 

uncorrected Fisher LSD multiple comparison test, with P<0.05 to determine significant differences 172 

between datasets.  173 

  174 

http://www.graphpad.com/
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 Results  176 

In this study, we performed a multi-parametric assessment to address three major questions: 1) 177 

What is the influence of mammalian and tick physiological temperatures on biofilm phenotypes 178 

of B. burgdorferi? 2) Are there any strain specific phenotypic differences between the B31 and 179 

297 strains? 3) Does a potential relationship exist between the biofilm EPS and temperature? 180 

Decrease in the number of free spirochetes and increased adherence of biofilms after 7 days 181 

of culture at 37⁰C   182 

To analyze whether the increased biofilm formation was potentially due to the conversion of 183 

spirochetes to biofilms, we performed two sets of experiments. First, we assessed the planktonic 184 

spirochetes in culture after 7 days of culture by performing direct cell counts of spirochete cultures 185 

grown at 23⁰C, 33⁰C or 37⁰C (n=9). We observed significantly fewer free spirochetes in the culture 186 

of B31 and 297 strains maintained at 37⁰C when compared to cultures at 23⁰C and 33⁰C [p<0.01, 187 

Fig. 1 (a and d)].  188 

Having observed lower spirochete counts at 37⁰C, we next wanted to determine whether 37⁰C 189 

promotes surface adherence of Borrelia biofilms. After culturing the biofilms for 7 days, we 190 

observed a significant increase in biofilm adhesion at 37⁰C when compared to 23⁰C and 33⁰C 191 

(n=9) for strains B31 and 297 [P<0.0001, Fig. 1 (a and c)]. Biofilms of strain 297 had significantly 192 

enhanced biofilm adhesion at 23⁰C, 33⁰C or 37⁰C when compared to biofilms of strain B31 193 

[P<0.05 for 23⁰C, 33⁰C and P<0.0001 for 37⁰C, Fig. 1 (b)].  194 

Increased biofilm formation and biofilm sizes by B. burgdorferi at 37⁰C 195 

To assess the effect of different temperatures on biofilm formation and organization, B. 196 

burgdorferi strains B31 and 297 were cultured at 23⁰C, 33⁰C or 37⁰C for 7 days. Both strains 197 

formed biofilms at all three temperatures and a significant increase in biofilm formation was 198 

observed at 37⁰C [Fig. 2(a-f)]. To measure the amount of biofilms formed at different 199 

temperatures, the mean biofilm coverage area was analyzed per field of view. Strain B31 showed 200 

significantly higher mean biofilm coverage area at 37⁰C in comparison to biofilms formed at 23⁰C 201 

and 33⁰C [P<0.01, Fig. 2(g)] (n=9). Strain 297 similarly demonstrated increased biofilm coverage 202 

area at 37⁰C when compared to biofilms formed at 23⁰C and 33⁰C [P<0.01, Fig. 2(g)] (n=9). 203 

Furthermore, B. burgdorferi strain B31 showed significantly higher biofilm formation (P<0.01) at 204 

37⁰C when compared to strain 297 [Fig. 2(g)] (n=9).  205 

To assess whether temperature also affects size of individual biofilm, we analyzed the mean area 206 

occupied by individual biofilms. Both strains produced biofilms with significantly larger 207 

individual biofilms at 37⁰C when compared to biofilms at 23⁰C and 33⁰C [P<0.01, Fig. 2(h)] 208 

(n=9). Biofilms of strain B31 cultured at 37⁰C showed significantly larger individual biofilms 209 

when compared to biofilms of strain 297 cultured at the same temperature [P<0.01, Fig. 2(h)] 210 

(n=9). 211 

3D nano-morphology and topography of Borrelia biofilms at different temperatures 212 
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In the next set of experiments, we analyzed whether temperature could affect the structural 213 

organization of the biofilms. We investigated the nano-morphology and topography of the biofilms 214 

by employing contact-mode atomic force microscopy as previously described (Sapi et al., 2012 ; 215 

Obana et al., 2014 ; Hinthong et al., 2015 ; Timmaraju et al., 2015). We found that the biofilms 216 

formed by both strains at the three temperatures have the characteristic “tower morphology” of B. 217 

burgdorferi as previously described [Fig. 3(a, b)] (Sapi et al., 2012 ; Timmaraju et al., 2015). In 218 

order to assess any potential differences in the topography and heights of the towers, four random 219 

biofilms for each strain at the three temperatures were scanned (n=4). Differences in the height of 220 

the biofilms (topography) was analyzed using two-way ANOVA [Fig 4]. No significant 221 

differences were observed in the topography and the mean height, with the biofilms of strains B31 222 

and 297 at 23⁰C, 33⁰C or 37⁰C [Fig. 3(a, b), p>0.05,] showing similar topography and no 223 

significant difference in the height of the biofilm towers.  224 

EPS characteristics of biofilms and increased carbohydrate content in Borrelia biofilms at 225 

37⁰C  226 

To assess the effect of temperature on EPS composition and to investigate whether the biofilm 227 

markers alginate and mannose are expressed in biofilms at all three temperatures, we 228 

immunostained B. burgdorferi biofilms with alginate antibody and mannose specific HHA lectin. 229 

The staining of B. burgdorferi biofilms with an alginate specific antibody showed the presence of 230 

alginate for B31 and 297 biofilms [Fig. 5(a)] at 23⁰C, 33⁰C or 37⁰C respectively, as observed 231 

previously in B31 biofilms (Sapi et al., 2012). Mannose specific HHA lectin staining of the 232 

biofilms showed the presence of mannose for B31  and 297 biofilms [Fig. 5(b)] at 23⁰C, 33⁰C or 233 

37⁰C respectively as previously observed (Timmaraju et al., 2015). The specificity of alginate and 234 

HHA lectin staining was demonstrated by inhibiting the alginate antibody and HHA lectin with 235 

0.05M sodium alginate and 0.25M mannose respectively [Fig. S1]. To quantify the effect of 236 

temperature on EPS production, we performed total carbohydrate assay (TCA). We observed a 237 

significant increase in the amount of carbohydrate (µg) present in the biofilms cultured at 37⁰C 238 

when compared to biofilms at 23⁰C [P<0.01, Fig. 5(c)] (n=9) and 33⁰C [P<0.05, Fig. 5(c)] for 239 

strain 297(n=9). Furthermore, biofilms of strain B31 formed at 37⁰C [P<0.01, Fig. 5(c)] (n=9) and 240 

33⁰C [P<0.05, Fig. 5(c)] (n=9) showed increased carbohydrate content when compared to 23⁰C. 241 

Strain 297 demonstrated higher content of carbohydrates per µm2 in biofilms cultured at 37⁰C in 242 

comparison to biofilms cultured at 23⁰C [P<0.01, Fig. 5(d)] (n=9) and 33⁰C [P<0.05, Fig. 5(d)] 243 

(n=9). Moreover, biofilms of strain B31 showed reduced carbohydrate content per µm2 when 244 

cultured at 23⁰C compared to 33⁰C [P<0.05, Fig. 5(d)] (n=9) and 37⁰C [P<0.01, Fig. 5(d)] (n=9).                        245 

Extracellular DNA content in Borrelia biofilms at 23⁰C, 33⁰C or 37⁰C 246 

Borrelia biofilms after 7 days of culture were stained with SYBR green to quantitate and to 247 

visualize the extracellular DNA in the biofilm. There was a significant increase in the extracellular 248 

DNA content in the biofilms of strain 297 at 37⁰C compared to 23⁰C and 33⁰C [P<0.05, Fig. 6(b)] 249 

(n=3). However, no significant difference in extracellular DNA content was observed in biofilms 250 

of strain B31 at 23⁰C, 33⁰C or 37⁰C [Fig. 6(a, b)] (n=3). Biofilms of strain 297 showed no 251 

significant differences in the content of extracellular DNA (µg) present per µm2 of the biofilms 252 

(µg/µm2) cultured at the three temperatures [Fig. 6(a, c)] (n=3). However, biofilms of strain B31 253 
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cultured at 37⁰C showed reduced extracellular DNA content present per µm2 of the biofilm 254 

(µg/µm2) compared to 33⁰C [P<0.05, Fig. 6(c)] (n=3).    255 

             256 

Discussion 257 

The goal of this study was to investigate Borrelia biofilm formation at 23⁰C and 37⁰C in vitro in 258 

addition to 33⁰C as reported previously (Sapi et al., 2012). Our findings demonstrated that 259 

mammalian physiological temperature of 37⁰C increases B. burgdorferi biofilm formation, biofilm 260 

sizes and EPS production compared to the tick physiological temperature of 23⁰C and in vitro 261 

culture temperature 33⁰C. These findings are consistent with observations from various biofilm 262 

forming bacteria such as Streptococcus intermedius, Listeria monocytogenes, Yersinia pestis, 263 

Staphylococcus aureus and Salmonella spp where temperature has been demonstrated to influence 264 
biofilm formation (Ahmed et al., 2008 ; Di Bonaventura et al., 2008 ; Yoong et al., 2012 ; 265 
Stepanović et al., 2003 ; da Silva Meira et al., 2012). Bacteria such as Aeromonas caviae have 266 

enhanced biofilm formation in vitro at 28⁰C, which is also close to the temperature Aeromonas 267 

caviae grows in the nature  (Angeles-morales et al., 2012). Interestingly, B. burgdorferi in nature 268 

is found in both tick and in mammals with physiological temperatures of 23⁰C and 37⁰C, and has 269 

demonstrated biofilm or aggregate formation in both (Sapi et al., 2016 ; Dunham-Ems et al., 2009). 270 

In this study, we show that Borrelia forms biofilms at both 23⁰C and 37⁰C in vitro. Additionally, 271 

we show that temperature can modulate several phenotypic characteristics of the biofilm such as 272 
biofilm size, amount of extracellular polysaccharides, extracellular DNA content within the 273 
biofilm and biofilm adhesion. Apart from phenotypic variation found in the biofilms cultured at 274 

three different temperatures, we also observed reduced spirochete numbers at 37⁰C compared to 275 

23⁰C and 33⁰C. It has previously demonstrated that biofilms are far less susceptible to antibiotic 276 

agents than planktonic bacteria (Donlan & Costerton, 2002)(Davies, 2003). Furthermore, it has 277 

been recently demonstrated that Borrelia biofilms are more resistant to antibiotic and anti-278 
microbial agents than planktonic spirochetes (Theophilus et al., 2015 ; Sapi et al., 2011). As such, 279 

reduced spirochete counts and increased biofilm content of Borrelia at 37⁰C might indicate that 280 

temperature may indirectly influence the susceptibility of the bacterium to antibiotic and anti-281 
microbial agents by encouraging biofilm phenotype of the bacterium when compared to the 282 
planktonic phenotype.  283 

It has previously been demonstrated that temperature can influence the production of extracellular 284 
polymeric substance in the biofilms. Listeria monocytogenes has altered EPS production at 285 
different temperatures (Norwood & Gilmour., 2001 ; Di Bonaventura et al., 2008). Additionally, 286 

in bacterium Bacillus megaterium, lower growth temperature of 25⁰C results in lower production 287 

of polysaccharides whereas, a greater temperature range of 30⁰C-35⁰C reported higher production 288 

of polysaccharides (Gandhi et al., 1998). In Staphylococcus epidermis extracellular 289 
polysaccharides have been demonstrated to play an important role in cell-cell adhesion and 290 
forming multiple layers in the biofilm (Cramton et al., 1999). In bacteria Pseudomonas aeruginosa 291 
extracellular polysaccharides are responsible for providing cell-cell interaction, primary structural 292 
scaffold for the biofilm, surface adherence and maintenance of the biofilm architecture (Ma et al., 293 

2009)(Colvin et al., 2011). In this study, we not only demonstrate enhanced carbohydrate content 294 
(µg) present per µm2 of the biofilm but also an increase in the amount of biofilms produced at 295 

37⁰C in comparison to 23⁰C and 33⁰C. Therefore, the findings of this study strongly suggest that 296 
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temperature may play an important role in modulating the production of extracellular 297 

polysaccharide content within the biofilms which may in-turn lead to increased biofilm formation.  298 

EPS plays an important role in biofilm formation, adhesion and anchorage, as demonstrated in 299 
several bacteria (Norwood & Gilmour, 2001 ; Orgad et al., 2011 ; Ahimou et al., 2007 ; Vu et al., 300 
2009 ; Tielen et al., 2005). Biofilms undergo changes in their stress response properties due to 301 
polysaccharides turning into a gel-like substance, whose strength gradually increases with increase 302 
in temperature until reaching a critical point (Villain-Simonnet et al., 2000). The altered biofilm 303 

viscosity may promote substrate adherence, thereby leading to increased biofilm formation 304 
(Garrett et al., 2008), as observed in marine Pseudomonads (Fletcher, 1977). For instance, bacteria 305 
such as Pseudomonas aeruginosa can produce polysaccharide alginate which can alter biofilm 306 
viscosity and also plays an important role in biofilm adhesion (Hanlon et al., 2001 ; Orgad et al., 307 
2011). In this study, we have demonstrated the presence of alginate as well as mannose in B. 308 

burgdorferi biofilms at 23⁰C, 33⁰C and 37⁰C. Alginate in Pseudomonas aeruginosa provides 309 

protection to the biofilm from the surrounding environment, host immune system and antibiotics 310 
(Boyd & Chakrabarty, 1995) (Leid et al., 2005) (Cotton et al., 2009). However, some studies have 311 

argued that while alginate does have an effect on Pseudomonas aeruginosa biofilm development 312 
and architecture, it plays a non-essential role in biofilm formation (Stapper et al., 2004). 313 
Pseudomonas aeruginosa also consists of mannose as a part of its PSL extracellular polysaccharide 314 

matrix which assists in bacterial attachment to a surface and also acts like a structural scaffold in 315 
mature biofilms (Colvin et al., 2012).   316 

Here, we also demonstrated the presence of extracellular DNA (eDNA) in Borrelia biofilms at 317 

23⁰C and 37⁰C in addition to 33⁰C as described previously (Sapi et al., 2012 ; Timmaraju et al., 318 

2015). Extracellular DNA in bacteria such as Pseudomonas aeruginosa, Staphylococcus epidermis 319 

and Streptococcus mutans LT11 promotes biofilm formation by aiding the initial attachment of 320 

the bacterial cells to the substratum (Das et al., 2011 ; Qin et al., 2007 ; Whitchurch et al., 2002). 321 

In Pseudomonas aeruginosa, Psl polysaccharides physically interact with the extracellular DNA 322 
to form extracellular DNA-Psl fibers that give a structural framework for biofilm growth and 323 
protect the biofilm against EPS targeting agents (Wang et al., 2015). Furthermore, extracellular 324 

DNA and alginate have been shown to collectively provide resistance to Pseudomonas aeruginosa 325 
against Gentamicin (Aspe & Jensen, 2012). While resistance to antibiotics and anti-microbial 326 

agents has been demonstrated by B. burgdorferi biofilms, the role of extracellular polymeric 327 
substance such as alginate, mannose and eDNA in conferring resistance to Borrelia biofilms 328 
against these agents is yet to be determined (Theophilus et al., 2015 ; Sapi et al., 2011). Bacteria 329 

such as Enterococcus faecalis has demonstrated a robust biofilm formation even after the eDNA 330 
release mechanism in the bacterium was impaired by using proteins as cell surface adhesins and 331 
essential matrix components for biofilms formation (Iyer & Hancock, 2012). Increased biofilm 332 

quantity and reduced extracellular DNA content (µg) present per µm2 of the biofilm at 37⁰C for 333 

strain B31 suggests that extracellular DNA might not be essential for robust biofilm formation at 334 

37⁰C in vitro.                     335 

Instances of temperature effecting biofilm morphology have been reported in bacteria such as 336 

Legionella Pneumophila which forms filamentous mat-like biofilms at 37⁰C and 42⁰C, while at 337 

25⁰C the biofilm consisted of rod shaped planktonic cells (Piao et al., 2006). However, we did not 338 

observe any significant differences in morphology and nanotopography of the biofilms, and 339 

observed tower morphology of Borrelia biofilms at all three temperatures, as described previously 340 
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(Timmaraju et al., 2015). Tower shaped morphology of biofilms has been observed in 341 

Pseudomonas aeruginosa and Staphylococcus aureus (Cowan et al., 2000) (Moormeier et al., 342 

2014). In Staphylococcus aureus distinct and focused biofilm growth was reported after 343 

inoculation, resulting in the formation of biofilm towers (Moormeier et al., 2014). Tower shaped 344 

morphology of biofilms at all three temperatures suggests that unlike other bacteria, temperature 345 

does not alter the development of Borrelia biofilms  346 

Strain specific differences have been observed in the amount of biofilms produced, biofilm 347 

morphology and the EPS polysaccharides observed in various bacteria such as Pseudomonas 348 

aeruginosa, Listeria monocytogenes and E. coli (Allegrucci & Sauer, 2007 ; Borucki et al., 2003 349 

; Weiss-Muszkat et al., 2010). For instance, in Listeria monocytogenes increased formation of 350 

biofilms was observed in strains not responsible for food borne outbreaks when compared to 351 

strains known to cause food borne outbreaks (Borucki et al., 2003). B. burgdorferi has also 352 

demonstrated differences in the amount of biofilm formed, EPS polysaccharides produced between 353 

strain B31 and 297 at 37⁰C. We observed that at 37⁰C, strain B31 forms more biofilms but has 354 

reduced EPS polysaccharide production in the biofilms when compared to strain 297. It is 355 

interesting to note that strain B31 was isolated from tick Ixodes dammini and strain 297 was 356 

isolated from human cerebrospinal fluid and the site of strain isolation could have an impact on 357 

biofilm formation (Johnson et al., 1984). Strain specific differences in biofilm formation have been 358 

demonstrated in bacteria such as Staphylococcus aureus, Acinetobacter baumannii, Pseudomonas 359 

aeruginosa, Klebsiella pneumonia and Escherichia coli based on the site of strain isolation 360 

(Sanchez et al., 2013). Strains isolated from non-fluid tissues, patients with persistent infection 361 

and multi-drug resistant strains are more frequent biofilm formers (Sanchez et al., 2013).  362 

Taken together, mammalian physiological temperature may provide a suitable niche for B. 363 

burgdorferi biofilm formation. Further studies need to be conducted to demonstrate how 364 

temperature influences Borrelia biofilm formation and the significance of biofilm formation with 365 

regards to the virulence or transmission of bacterium as reported previously in Yersinia Pestis, 366 

Vibrio Cholerae, Pseudomonas aeruginosa, Staphylococcus epidermis and Klebsiella pneumonia 367 

(Faruque et al., 2006 ; Hinnebusch & Erickson, 2008 ; Donlan, 2001) 368 

  369 
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 568 

 569 

Figure legends 570 

Fig. 1 Analyses of the number of planktonic spirochetes and biofilm adherence of strains B31 571 

and 297 after 7 days of culture at 37⁰C. B. burgdorferi spirochetes were cultured at 23⁰C, 33⁰C 572 

or 37⁰C for a period of 7 days. Spirochetes were visualized through SYBR green staining and the 573 
biofilms through phase contrast microscopy in strains B31 (a) and 297 (b), scale bar – 100 µm. 574 

The mean number of spirochetes per grid (d) and the % of adherent biofilms after shaking (c) were 575 
analyzed. Two-way (ANOVA) was performed using uncorrected Fisher LSD test with P<0.05 to 576 
determine statistical significance between datasets. Representative data are shown as mean ± SD 577 

from 9 independent experiments 578 
 579 
Fig. 2 Analyses of biofilm formation in B. burgdorferi strains B31 and 297 cultured at 37⁰C. 580 

B. burgdorferi spirochetes (5x106 cells) from strains B31 (a-c) and 297 (d-f) were cultured at 23⁰C, 581 

33⁰C or 37⁰C for a period of 7 days. The culture media was removed on day 7 and the phase 582 

contrast micrographs of the biofilms were imaged (n=9). Quantitative comparison of the mean 583 
biofilm coverage area and mean individual biofilm coverage area of B. burgdorferi biofilms 584 
formed at the three temperatures by the two strains was performed using two-way ANOVA (panel 585 

g and h respectively). Representative data are shown as mean ± SD from 9 independent 586 

experiments. Scale bar - 100 µm.  587 

Fig. 3 3D nano-morphology and topography of representative Borrelia biofilms at three 588 
different temperatures. B. burgdorferi spirochetes from strains B31 (a) and 297 (b) were cultured 589 

for 7 days at 23⁰C, 33⁰C or 37⁰C. The biofilms were scanned using SHOCONG probes and 590 
Nanosurf eyescan 2 software and the data was analyzed using Gwyddion software. Two 591 
dimensional topography profiles of Borrelia biofilms of strains B31 (a) and 297 (b) was extracted 592 

from AFM scans and plotted using GraphPad.  593 

Fig. 4 Analyses of the height of B. burgdorferi biofilms of B31 and 297 strains formed at three 594 
different temperatures. B. burgdorferi B31 and 297 cells were cultured for 7 days to initiate 595 

biofilm formation at 23⁰C 33⁰C or 37⁰C. The culture was removed and the biofilms were analyzed 596 
by atomic force microscopy. Mean height of the biofilms was extracted from AFM scans using 597 
Gwyddion for 4 random biofilms (n=4) for each strain at three temperatures. Two-way ANOVA 598 
using uncorrected Fisher LSD test with significance of P<0.05 was performed to determine 599 
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statistical variation between the mean heights of the biofilms. Representative data are shown as 600 

mean ± SD from 4 independent experiments. 601 

Fig. 5 Presence of alginate, mannose in Borrelia biofilms at three different temperatures and 602 

increase in the carbohydrate content in biofilms of strains B31 and 297 at 37⁰C. B. burgdorferi 603 

biofilms from strain B31 and 297 were cultured at 23⁰C, 33⁰C or 37⁰C for a period of 7 days and 604 
stained with 1:100 primary alginate antibody (a) (red) and with polysaccharide mannose specific 605 
HHA lectin (b) (green). The biofilms were then counterstained with DAPI (blue, shown in the 606 
merge Alginate/DNA and Mannose/DNA). Fluorescent micrographs were acquired using Leica 607 
DM 2500 microscope, Scale bar - 100µm. Total carbohydrate content was surmised from 608 
triplicates of nine  independent experiments (n=9), (c). Total carbohydrate content within the 609 

biofilm per µm2 of the biofilm (µg/µm2) (d). Two-way ANOVA using uncorrected Fisher LSD 610 
multiple comparison test performed with significance P<0.05 was used to determine significant 611 

difference between the groups. Representative data are shown as mean ± SD from 9 independent 612 

experiments. 613 

Fig. 6 Extracellular DNA content in Borrelia burgdorferi biofilm at three different 614 

temperature B. burgdorferi were cultured at 23⁰C, 33⁰C or 37⁰C for 7 days and then stained with 615 
SYBR green dye. Fluorescent micrographs of extracellular DNA staining in the biofilms were 616 
acquired using Leica DM 2500 microscope, scale bar = 100µm (a). Mean total extracellular DNA 617 
content in the biofilm was obtained from triplicates of three different experiments (n=3) (b). Total 618 

extracellular DNA content within the biofilm per µm2 of the biofilm (µg/µm2) (c). Two way 619 
ANOVA was performed with uncorrected Fisher LSD multiple comparison test, p<0.05 was used 620 

to determine statistical significance between the groups. Representative data are shown as mean ± 621 
SD from 3 independent experiments.        622 

Fig. S1 Alginate antibody and HHA lectin specificity B. burgdorferi biofilms were stained 623 

with alginate antibody (1:1000) (c) and HHA lectin (20ng/µl) (g) and counterstained with DAPI 624 
(d, h). Inhibition of Alginate antibody (a, b) and HHA lectin (e, f) with sodium alginate (0.05M) 625 

and mannose (0.25M) respectively shows the specificity of staining. Fluorescent micrographs 626 
were acquired using Leica DM2500 microscope at 400X, scale bar - 100µm. 627 
 628 

Fig. S2 Carbohydrate standard curve 1:2 dilutions of Glucose were made to get the 629 
concentrations of 16 mg/ml, 8 mg/ml, 4 mg/ml, 2 mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25mg/m, 0.125 630 

mg/ml and 0.0625 mg/ml. TCA assay was performed and the absorbance was measured at 485 631 
nm. Linear regression was performed on absorbance values and goodness of fit R2 was found to 632 
be 0.8810 with p<0.01. Standard deviation of 3 replicates for each concentration is shown.  633 
 634 

Fig. S3 Extracellular DNA standard curve Lambda DNA concentrations of 31.25µg/ml, 635 
28.75µg/ml, 26.25µg/ml, 23.75µg/ml, 21.25µg/ml, 18.75µg/ml, 16.25µg/ml and 13.75µg/ml 636 
were made and their corresponding fluorescence intensity values were obtained by performing 637 

SYBR green DNA quantification assay. Linear regression was performed on the fluorescence 638 
intensity values and goodness of fit R2 was found to be 0.9204 with a p<0.01. Standard deviation 639 
of duplicates for each concentration is shown. 640 
 641 

 642 
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Fig. S1 Alginate antibody and HHA lectin specificity. B. burgdorferi biofilms were stained with 

alginate antibody (1:1000) (c) and HHA lectin (20ng/µl) (g) and counterstained with DAPI (d, h). 

Inhibition of Alginate antibody (a, b) and HHA lectin (e, f) with sodium alginate (0.05M) and 

mannose (0.25M) respectively shows the specificity of staining. Fluorescent micrographs were 

acquired using Leica DM2500 microscope at 400X, scale bar - 100µm. 

 

 

Fig. S2 Carbohydrate standard curve. 1:2 dilutions of Glucose were made to get the 

concentrations of 16 mg/ml, 8 mg/ml, 4 mg/ml, 2 mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25mg/m, 0.125 

mg/ml and 0.0625 mg/ml. TCA assay was performed and the absorbance was measured at 485 nm. 

Linear regression was performed on absorbance values and goodness of fit R2 was found to be 

0.8810 with p<0.01. Standard deviation of 3 replicates for each concentration is shown.  
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Fig. S3 Extracellular DNA standard curve. Lambda DNA concentrations of 31.25µg/ml, 

28.75µg/ml, 26.25µg/ml, 23.75µg/ml, 21.25µg/ml, 18.75µg/ml, 16.25µg/ml and 13.75µg/ml were 

made and their corresponding fluorescence intensity values were obtained by performing SYBR 

green DNA quantification assay. Linear regression was performed on the fluorescence intensity 

values and goodness of fit R2 was found to be 0.9204 with a p<0.01. Standard deviation of 

duplicates for each concentration is shown. 
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