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Abstract:

The spirochete bacterium Borrelia burgdorferi sensu lato is the etiologic agent of Lyme
disease. Borrelia is transmitted to mammals through tick bite and is adapted to survive
at tick and mammalian physiological temperatures. We have previously shown that B.
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
well as in humans, indicating potential of biofilm formation at both 23⁰C and 37⁰C.
However, the role of various environmental factors that influence Borrelia biofilm
formation are yet unknown. In this study, we investigated the effect of tick (23⁰C),
mammalian physiological (37⁰C) and standard in vitro culture temperature (33⁰C) with
the objective of elucidating the effect of temperature on Borrelia biofilm phenotypes in
vitro using two B. burgdorferi sensu stricto strains (B31, and 297). Our findings show
increased biofilm quantity, biofilm size, exopolysaccharide content and enhanced
adherence as well as reduced free spirochetes at 37⁰C for both strains, when
compared to growth at 23⁰C and 33⁰C. There were no significant variations in the
biofilm nanotopography and the type of extracellular polymeric substance in Borrelia
biofilms formed at all three temperatures. Significant variations in extracellular DNA
content were observed in the biofilms of both strains cultured at the three
temperatures. Our results indicate that temperature is an important regulator of Borrelia
biofilm development and the mammalian physiological temperature favours increased
biofilm formation in vitro compared to tick physiological temperature and in vitro culture
temperature.
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The spirochete bacterium Borrelia burgdorferi sensu lato is the etiologic agent of Lyme disease.
Borrelia is transmitted to mammals through tick bite and is adapted to survive at tick and
mammalian physiological temperatures. We have previously shown that B. 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 well as in humans, indicating potential of
biofilm formation at both 23⁰C and 37⁰C. However, the role of various environmental factors that
influence Borrelia biofilm formation are yet unknown. In this study, we investigated the effect of
tick (23⁰C), mammalian physiological (37⁰C) and standard in vitro culture temperature (33⁰C)
with the objective of elucidating the effect of temperature on Borrelia biofilm phenotypes in vitro
using two B. burgdorferi sensu stricto strains (B31, and 297). Our findings show increased biofilm
quantity, biofilm size, exopolysaccharide content and enhanced adherence as well as reduced free
spirochetes at 37⁰C for both strains, when compared to growth at 23⁰C and 33⁰C. There were no
significant variations in the biofilm nanotopography and the type of extracellular polymeric
substance in Borrelia biofilms formed at all three temperatures. Significant variations in
extracellular DNA content were observed in the biofilms of both strains cultured at the three
temperatures. Our results indicate that temperature is an important regulator of Borrelia biofilm
development and the mammalian physiological temperature favours increased biofilm formation
in vitro compared to tick physiological temperature and in vitro culture temperature.
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Introduction
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With approximately 300,000 new cases reported by Center for Disease Control (CDC), Lyme
disease is the most common vector borne illness in the United States (Gomes-Solecki, 2014). Lyme
disease is caused by the pleomorphic spirochete B. burgdorferi and is transmitted to humans and
vertebrates through the bite of Ixodes tick (Wang et al., 1999; Rudenko et al., 2011 ; Brisson et al.,
2010).
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B. burgdorferi has been observed in different morphological forms such as spherical cyst-like form
(Al-Robaiy et al., 2010 ; Alban et al., 2000 ; Miklossy et al., 2008), detaching pearl-like or granular
structures (Aberer & Duray, 1991 ; Garon et al., 1989 ; Barbour & Hayes, 1986) and aggregates
(Srivastava & de Silva, 2009 ; Sapi et al., 2012). Recently, we and others have shown that B.
burgdorferi forms biofilms or aggregates in vitro and in vivo (Sapi et al., 2012 ; Sapi et al., 2016
; Timmaraju et al., 2015 ; Merilainen et al., 2015) as well as highly drug resistant persisters
(Embers et al., 2012 ; Theophilus et al., 2015 ; Feng et al., 2014).
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Bacterial biofilms are conglomerates of planktonic organisms characterized by the presence of a
rich extracellular polymeric substance (EPS) which shield constituent individuals (including
persisters) from adverse environmental conditions (Flemming and Wingender 2010 ; O’Toole et
al., 2000 ; Stewart & Franklin, 2008). Biofilms are highly resistant antimicrobial agents and are
very difficult to eradicate, thereby contributing towards chronicity of the infections (Lewis, 2007
; Sapi et al., 2011; Høiby et al., 2010).

57
58
59
60
61
62

EPS plays major role in biofilm development (initial substrate adhesion), maturation (rigidity and
structure) and protection (antibiotic resistance) (Sutherland, 2001; Vu et al., 2009). Temperature
is a major environmental factor that regulates EPS production, thereby determining biofilm
phenotypes in various bacteria such as Yersinia pestis, Listeria monocytogens, Staphylococus
aeureus and Enterococcus faecium (Czaczyk & Myszka, 2007 ; Hinnebusch & Erickson, 2008 ;
Yoong et al., 2012 ; Di Bonaventura et al., 2008 ; Ochiai et al., 2014 ; Obana et al., 2014).
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B. burgdorferi is adapted to survival in multiple hosts and infects humans and mice, whose
physiological temperature is 37⁰C, whereas its vector, the Ixodes scapularis tick has a
physiological temperature of 23⁰C. B. burgdorferi forms aggregates, in both ticks and humans,
indicating potential biofilm formation at both 23⁰C and 37⁰C (Sapi et al., 2016 ; Dunham-Ems et
al., 2009).
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Interestingly, the tick-human life cycle of B. burgdorferi parallels the flea-human life cycle of Y.
pestis, the bubonic plague causative bacterium. Y. pestis forms attached biofilms in the flea foregut
and is transmitted to the mammalian host through biofilms (Hinnebusch & Erickson, 2008). Also,
in Y. pestis biofilms, the expression of a major EPS polysaccharide poly-N-acetyl glucosamine
differs between the mammalian temperature of 37⁰C compared to the flea temperature of 28⁰C
(Yoong et al., 2012). Studying B. burgdorferi biofilm formation at tick and mammalian
physiological temperatures (23⁰C and 37⁰C, respectively), as well as in vitro culture temperature
(33⁰C) may shed light on biofilm development, morphology and EPS characteristics, and lead to
a better understanding of Borrelia biofilm life cycle.
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In this study, we analyzed the role of tick and mammalian physiological temperatures in
determining the biofilm phenotypes of two wild type B. burgdorferi strains, adapted to growth in
ticks and mammals - strain B31 isolated from tick Ixodes dammini and strain 297 isolated from
human cerebrospinal fluid (Johnson et al., 1984). Using comprehensive cell-based assays and
atomic force microscopy, we found that the mammalian physiological temperature 37⁰C (in vitro)
provides a suitable niche favouring increased biofilm formation by B. burgdorferi.
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Materials and methods
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Bacterial strains and culture conditions
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Low passage isolates of Borrelia burgdorferi B31 strain (ATCC # 35210) and Borrelia burgdorferi
strain 297 (ATCC # 53899), were cultured in BSK-H media (Sigma) supplemented with 6% rabbit
serum (Pel-Freeze) in 15 ml sterile glass tubes at 33⁰C and 5% CO2 without any antibiotics. The
B31 strain was isolated from tick Ixodes dammini and strain 297 was isolated from human
cerebrospinal fluid (Johnson et al., 1984). For biofilm formation, Borrelia spirochetes (500,000)
were seeded onto 4-well Permanox chamber (Lab-Tek II) or glass chamber slides (Thermo
Scientific) or 48-well cell culture plates (Corning) and cultured at 23⁰C, 33⁰C or 37⁰C at 5% CO2
without antibiotics for 7 days, as described previously (Sapi et al., 2012).
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Biofilm coverage estimation
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Culture media from the 4-well Permanox chamber slide cultures were removed and five random
phase contrast micrographs per well for three wells for each temperature (n=9) were captured for
the adherent biofilms using Axio Observer A1 microscope TM (Zeiss). Image J software (Rasband,
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/) was used for image analysis. Image scale was calibrated using the set
scale tool in the analyze menu. The phase contrast images were processed for mean biofilm
coverage area and mean individual biofilm area by coloring the boundaries of the biofilm through
the paint tool. The colored boundaries were then selected for analysis using the threshold tool in
the image menu. After the boundaries were selected, the area enclosed by the boundaries was then
analyzed through the analyze particles tool in the analyze menu by checking the option “include
holes”.
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Atomic force microscopy
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Contact mode atomic force microscopy was performed on Borrelia biofilms using a Nanosurf
Easyscan 2 Flex AFM with SHOCONG probes (AppNANO™) as previously described
(Timmaraju et al., 2015). Biofilms were scanned at a constant force mode by scanning 256 points
per line using 10.3nN set point with P gain of 1200, I gain of 300 and D gain of zero. The scans
obtained were processed using Gwyddion (http://gwyddion.net/). Mean biofilm height was
obtained by scanning 4 different biofilms for each strain at the three different temperatures (n=4).
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EPS staining
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EPS staining was performed as previously described, using a mannose specific HHA lectin (495
nm) and an alginate specific antibody (594 nm) (Sapi et al., 2012 ; Timmaraju et al., 2015).
Fluorescent micrographs of the biofilms were captured with Leica DM2500 microscope at 400X.
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Alginate and HHA lectin specificity was verified by inhibiting Alginate antibody with 0.05M
sodium alginate and HHA lectin with 0.5 M mannose prior to incubation with biofilms.
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Extracellular DNA staining and quantification
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Borrelia spirochetes were cultured for 7 days on a 48 well cell culture plate (Corning) to initiate
biofilm formation. Culture media was removed and 150µl of TE SYBR green (1:400 in TE buffer)
was added to the wells. The plates were then shaken at 150 rpm for 15 min and fluorescence
intensity was measured at excitation 485nm / emission 528nm (n=3). Lambda DNA (InvitrogenTM,
Molecular probes) was used to generate eDNA standards (n=2) at concentrations 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
[Supplementary fig. S3]. Raw fluorescence intensity values were interpolated into eDNA
concentrations using GraphPad Prism 6 (GraphPad Software, La Jolla California USA,
www.graphpad.com). eDNA staining of the biofilm was obtained by adding 200µl of SYBR green
(1:400 in TE buffer) to the biofilm culture. The cell culture plate was incubated for 5 min and the
culture media was removed. Fluorescent micrographs of the biofilms were acquired using ZOE
fluorescent cell imager (Biorad) at 200X. Extracellular DNA content in the biofilms was divided
by the log transformed mean biofilm coverage area (µm2) and the ratio was expressed as the
content of extracellular DNA (eDNA) in the biofilm per µm2 of the biofilm (µg/µm2).
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Borrelia spirochetes after 7 days of culture were stained with SYBR Green dye (497 nm) (Thermo
Fisher) and fluorescent micrographs were acquired using Leica DM2500 fluorescence microscope
at 200X, scale bar = 100µm. Free Borrelia spirochetes (unstained) in the culture were counted by
taking two microliter of culture from 4-well chambers slides at different temperatures, followed
by counting the spirochetes in 5 different grids on a Petroff-Hausser chamber (Hausser Scientific)
using dark field microscopy (n=9). The data was log transformed and the mean number of
spirochetes per grid were analyzed.
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Total carbohydrate assay
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B. burgdorferi spirochetes were cultured as described above to initiate biofilm formation on 48well cell culture plates (Corning). The media was removed and the adherent biofilms were scraped
from the wells (n=9) with PBS, pH 7.4. The mixture was then centrifuged at 1650 g for 5 min to
pellet the biofilm. The supernatant was discarded and the biofilms were then resuspended in 200
µl deionized water. One hundred microliters of 5% phenol (Fisher) and 500 µl of 100% sulfuric
acid (Fisher) were added to the mix. The plate was then incubated in dark for 20 min at room
temperature before reading the absorbance at 485 nm. Carbohydrate standards were generated by
performing total carbohydrate assay on glucose 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 [Supplementary fig. S2].
The total carbohydrate content of the biofilms (mg/ml) were interpolated from the carbohydrate
standards using GraphPad Prism 6 (GraphPad Software, La Jolla California USA,
www.graphpad.com). Carbohydrate content in the biofilms (µg) cultured at the three temperatures
was divided by log transformed mean biofilm coverage area (µm2). The ratio was expressed as the
content of carbohydrates present in the biofilm per µm2 of the biofilm (µg/µm2).

Free spirochete counting
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Biofilm adherence assay
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B. burgdorferi spirochetes were cultured as described above to initiate biofilm formation on 48well cell culture plates (Corning). To determine the adherence of the biofilms, shaking technique
was used (Srere, 1973 ; Dutta & Willcox, 2013 ; Katsikogianni & Missirlis, 2004). Briefly, after 7
days of culturing, 3 random phase contrast micrographs were taken for each well containing
biofilms as well as culture media for each temperature. Then the plates were shaken at 60 rpm for
10 sec on a horizontal orbital shaker. The culture media was removed and 3 additional random
phase contrast micrographs were taken for all the wells (n=9) for each temperature containing only
adherent biofilms. The number of biofilms per a field of view were counted and averaged before
and after shaking and the data was presented as a percentage.

167

Statistical analysis

168
169
170
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173

All the statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, La Jolla
California USA, www.graphpad.com). At least three independent measurements were made for
all experiments, and the raw data was represented as mean ± standard deviation, data was Log
transformed where indicated. Two-way analysis of variance (ANOVA) was performed using
uncorrected Fisher LSD multiple comparison test, with P<0.05 to determine significant differences
between datasets.

174
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Results

177
178
179
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In this study, we performed a multi-parametric assessment to address three major questions: 1)
What is the influence of mammalian and tick physiological temperatures on biofilm phenotypes
of B. burgdorferi? 2) Are there any strain specific phenotypic differences between the B31 and
297 strains? 3) Does a potential relationship exist between the biofilm EPS and temperature?

181
182

Decrease in the number of free spirochetes and increased adherence of biofilms after 7 days
of culture at 37⁰C

183
184
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188

To analyze whether the increased biofilm formation was potentially due to the conversion of
spirochetes to biofilms, we performed two sets of experiments. First, we assessed the planktonic
spirochetes in culture after 7 days of culture by performing direct cell counts of spirochete cultures
grown at 23⁰C, 33⁰C or 37⁰C (n=9). We observed significantly fewer free spirochetes in the culture
of B31 and 297 strains maintained at 37⁰C when compared to cultures at 23⁰C and 33⁰C [p<0.01,
Fig. 1 (a and d)].
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Having observed lower spirochete counts at 37⁰C, we next wanted to determine whether 37⁰C
promotes surface adherence of Borrelia biofilms. After culturing the biofilms for 7 days, we
observed a significant increase in biofilm adhesion at 37⁰C when compared to 23⁰C and 33⁰C
(n=9) for strains B31 and 297 [P<0.0001, Fig. 1 (a and c)]. Biofilms of strain 297 had significantly
enhanced biofilm adhesion at 23⁰C, 33⁰C or 37⁰C when compared to biofilms of strain B31
[P<0.05 for 23⁰C, 33⁰C and P<0.0001 for 37⁰C, Fig. 1 (b)].
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Increased biofilm formation and biofilm sizes by B. burgdorferi at 37⁰C

196
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To assess the effect of different temperatures on biofilm formation and organization, B.
burgdorferi strains B31 and 297 were cultured at 23⁰C, 33⁰C or 37⁰C for 7 days. Both strains
formed biofilms at all three temperatures and a significant increase in biofilm formation was
observed at 37⁰C [Fig. 2(a-f)]. To measure the amount of biofilms formed at different
temperatures, the mean biofilm coverage area was analyzed per field of view. Strain B31 showed
significantly higher mean biofilm coverage area at 37⁰C in comparison to biofilms formed at 23⁰C
and 33⁰C [P<0.01, Fig. 2(g)] (n=9). Strain 297 similarly demonstrated increased biofilm coverage
area at 37⁰C when compared to biofilms formed at 23⁰C and 33⁰C [P<0.01, Fig. 2(g)] (n=9).
Furthermore, B. burgdorferi strain B31 showed significantly higher biofilm formation (P<0.01) at
37⁰C when compared to strain 297 [Fig. 2(g)] (n=9).
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To assess whether temperature also affects size of individual biofilm, we analyzed the mean area
occupied by individual biofilms. Both strains produced biofilms with significantly larger
individual biofilms at 37⁰C when compared to biofilms at 23⁰C and 33⁰C [P<0.01, Fig. 2(h)]
(n=9). Biofilms of strain B31 cultured at 37⁰C showed significantly larger individual biofilms
when compared to biofilms of strain 297 cultured at the same temperature [P<0.01, Fig. 2(h)]
(n=9).

212

3D nano-morphology and topography of Borrelia biofilms at different temperatures
6
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In the next set of experiments, we analyzed whether temperature could affect the structural
organization of the biofilms. We investigated the nano-morphology and topography of the biofilms
by employing contact-mode atomic force microscopy as previously described (Sapi et al., 2012 ;
Obana et al., 2014 ; Hinthong et al., 2015 ; Timmaraju et al., 2015). We found that the biofilms
formed by both strains at the three temperatures have the characteristic “tower morphology” of B.
burgdorferi as previously described [Fig. 3(a, b)] (Sapi et al., 2012 ; Timmaraju et al., 2015). In
order to assess any potential differences in the topography and heights of the towers, four random
biofilms for each strain at the three temperatures were scanned (n=4). Differences in the height of
the biofilms (topography) was analyzed using two-way ANOVA [Fig 4]. No significant
differences were observed in the topography and the mean height, with the biofilms of strains B31
and 297 at 23⁰C, 33⁰C or 37⁰C [Fig. 3(a, b), p>0.05,] showing similar topography and no
significant difference in the height of the biofilm towers.

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

227
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234
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239
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To assess the effect of temperature on EPS composition and to investigate whether the biofilm
markers alginate and mannose are expressed in biofilms at all three temperatures, we
immunostained B. burgdorferi biofilms with alginate antibody and mannose specific HHA lectin.
The staining of B. burgdorferi biofilms with an alginate specific antibody showed the presence of
alginate for B31 and 297 biofilms [Fig. 5(a)] at 23⁰C, 33⁰C or 37⁰C respectively, as observed
previously in B31 biofilms (Sapi et al., 2012). Mannose specific HHA lectin staining of the
biofilms showed the presence of mannose for B31 and 297 biofilms [Fig. 5(b)] at 23⁰C, 33⁰C or
37⁰C respectively as previously observed (Timmaraju et al., 2015). The specificity of alginate and
HHA lectin staining was demonstrated by inhibiting the alginate antibody and HHA lectin with
0.05M sodium alginate and 0.25M mannose respectively [Fig. S1]. To quantify the effect of
temperature on EPS production, we performed total carbohydrate assay (TCA). We observed a
significant increase in the amount of carbohydrate (µg) present in the biofilms cultured at 37⁰C
when compared to biofilms at 23⁰C [P<0.01, Fig. 5(c)] (n=9) and 33⁰C [P<0.05, Fig. 5(c)] for
strain 297(n=9). Furthermore, biofilms of strain B31 formed at 37⁰C [P<0.01, Fig. 5(c)] (n=9) and
33⁰C [P<0.05, Fig. 5(c)] (n=9) showed increased carbohydrate content when compared to 23⁰C.
Strain 297 demonstrated higher content of carbohydrates per µm2 in biofilms cultured at 37⁰C in
comparison to biofilms cultured at 23⁰C [P<0.01, Fig. 5(d)] (n=9) and 33⁰C [P<0.05, Fig. 5(d)]
(n=9). Moreover, biofilms of strain B31 showed reduced carbohydrate content per µm2 when
cultured at 23⁰C compared to 33⁰C [P<0.05, Fig. 5(d)] (n=9) and 37⁰C [P<0.01, Fig. 5(d)] (n=9).

246

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

247
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253

Borrelia biofilms after 7 days of culture were stained with SYBR green to quantitate and to
visualize the extracellular DNA in the biofilm. There was a significant increase in the extracellular
DNA content in the biofilms of strain 297 at 37⁰C compared to 23⁰C and 33⁰C [P<0.05, Fig. 6(b)]
(n=3). However, no significant difference in extracellular DNA content was observed in biofilms
of strain B31 at 23⁰C, 33⁰C or 37⁰C [Fig. 6(a, b)] (n=3). Biofilms of strain 297 showed no
significant differences in the content of extracellular DNA (µg) present per µm2 of the biofilms
(µg/µm2) cultured at the three temperatures [Fig. 6(a, c)] (n=3). However, biofilms of strain B31
7
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255

cultured at 37⁰C showed reduced extracellular DNA content present per µm2 of the biofilm
(µg/µm2) compared to 33⁰C [P<0.05, Fig. 6(c)] (n=3).
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Discussion
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The goal of this study was to investigate Borrelia biofilm formation at 23⁰C and 37⁰C in vitro in
addition to 33⁰C as reported previously (Sapi et al., 2012). Our findings demonstrated that
mammalian physiological temperature of 37⁰C increases B. burgdorferi biofilm formation, biofilm
sizes and EPS production compared to the tick physiological temperature of 23⁰C and in vitro
culture temperature 33⁰C. These findings are consistent with observations from various biofilm
forming bacteria such as Streptococcus intermedius, Listeria monocytogenes, Yersinia pestis,
Staphylococcus aureus and Salmonella spp where temperature has been demonstrated to influence
biofilm formation (Ahmed et al., 2008 ; Di Bonaventura et al., 2008 ; Yoong et al., 2012 ;
Stepanović et al., 2003 ; da Silva Meira et al., 2012). Bacteria such as Aeromonas caviae have
enhanced biofilm formation in vitro at 28⁰C, which is also close to the temperature Aeromonas
caviae grows in the nature (Angeles-morales et al., 2012). Interestingly, B. burgdorferi in nature
is found in both tick and in mammals with physiological temperatures of 23⁰C and 37⁰C, and has
demonstrated biofilm or aggregate formation in both (Sapi et al., 2016 ; Dunham-Ems et al., 2009).
In this study, we show that Borrelia forms biofilms at both 23⁰C and 37⁰C in vitro. Additionally,
we show that temperature can modulate several phenotypic characteristics of the biofilm such as
biofilm size, amount of extracellular polysaccharides, extracellular DNA content within the
biofilm and biofilm adhesion. Apart from phenotypic variation found in the biofilms cultured at
three different temperatures, we also observed reduced spirochete numbers at 37⁰C compared to
23⁰C and 33⁰C. It has previously demonstrated that biofilms are far less susceptible to antibiotic
agents than planktonic bacteria (Donlan & Costerton, 2002)(Davies, 2003). Furthermore, it has
been recently demonstrated that Borrelia biofilms are more resistant to antibiotic and antimicrobial agents than planktonic spirochetes (Theophilus et al., 2015 ; Sapi et al., 2011). As such,
reduced spirochete counts and increased biofilm content of Borrelia at 37⁰C might indicate that
temperature may indirectly influence the susceptibility of the bacterium to antibiotic and antimicrobial agents by encouraging biofilm phenotype of the bacterium when compared to the
planktonic phenotype.
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It has previously been demonstrated that temperature can influence the production of extracellular
polymeric substance in the biofilms. Listeria monocytogenes has altered EPS production at
different temperatures (Norwood & Gilmour., 2001 ; Di Bonaventura et al., 2008). Additionally,
in bacterium Bacillus megaterium, lower growth temperature of 25⁰C results in lower production
of polysaccharides whereas, a greater temperature range of 30⁰C-35⁰C reported higher production
of polysaccharides (Gandhi et al., 1998). In Staphylococcus epidermis extracellular
polysaccharides have been demonstrated to play an important role in cell-cell adhesion and
forming multiple layers in the biofilm (Cramton et al., 1999). In bacteria Pseudomonas aeruginosa
extracellular polysaccharides are responsible for providing cell-cell interaction, primary structural
scaffold for the biofilm, surface adherence and maintenance of the biofilm architecture (Ma et al.,
2009)(Colvin et al., 2011). In this study, we not only demonstrate enhanced carbohydrate content
(µg) present per µm2 of the biofilm but also an increase in the amount of biofilms produced at
37⁰C in comparison to 23⁰C and 33⁰C. Therefore, the findings of this study strongly suggest that
8
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temperature may play an important role in modulating the production of extracellular
polysaccharide content within the biofilms which may in-turn lead to increased biofilm formation.
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EPS plays an important role in biofilm formation, adhesion and anchorage, as demonstrated in
several bacteria (Norwood & Gilmour, 2001 ; Orgad et al., 2011 ; Ahimou et al., 2007 ; Vu et al.,
2009 ; Tielen et al., 2005). Biofilms undergo changes in their stress response properties due to
polysaccharides turning into a gel-like substance, whose strength gradually increases with increase
in temperature until reaching a critical point (Villain-Simonnet et al., 2000). The altered biofilm
viscosity may promote substrate adherence, thereby leading to increased biofilm formation
(Garrett et al., 2008), as observed in marine Pseudomonads (Fletcher, 1977). For instance, bacteria
such as Pseudomonas aeruginosa can produce polysaccharide alginate which can alter biofilm
viscosity and also plays an important role in biofilm adhesion (Hanlon et al., 2001 ; Orgad et al.,
2011). In this study, we have demonstrated the presence of alginate as well as mannose in B.
burgdorferi biofilms at 23⁰C, 33⁰C and 37⁰C. Alginate in Pseudomonas aeruginosa provides
protection to the biofilm from the surrounding environment, host immune system and antibiotics
(Boyd & Chakrabarty, 1995) (Leid et al., 2005) (Cotton et al., 2009). However, some studies have
argued that while alginate does have an effect on Pseudomonas aeruginosa biofilm development
and architecture, it plays a non-essential role in biofilm formation (Stapper et al., 2004).
Pseudomonas aeruginosa also consists of mannose as a part of its PSL extracellular polysaccharide
matrix which assists in bacterial attachment to a surface and also acts like a structural scaffold in
mature biofilms (Colvin et al., 2012).
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Here, we also demonstrated the presence of extracellular DNA (eDNA) in Borrelia biofilms at
23⁰C and 37⁰C in addition to 33⁰C as described previously (Sapi et al., 2012 ; Timmaraju et al.,
2015). Extracellular DNA in bacteria such as Pseudomonas aeruginosa, Staphylococcus epidermis
and Streptococcus mutans LT11 promotes biofilm formation by aiding the initial attachment of
the bacterial cells to the substratum (Das et al., 2011 ; Qin et al., 2007 ; Whitchurch et al., 2002).
In Pseudomonas aeruginosa, Psl polysaccharides physically interact with the extracellular DNA
to form extracellular DNA-Psl fibers that give a structural framework for biofilm growth and
protect the biofilm against EPS targeting agents (Wang et al., 2015). Furthermore, extracellular
DNA and alginate have been shown to collectively provide resistance to Pseudomonas aeruginosa
against Gentamicin (Aspe & Jensen, 2012). While resistance to antibiotics and anti-microbial
agents has been demonstrated by B. burgdorferi biofilms, the role of extracellular polymeric
substance such as alginate, mannose and eDNA in conferring resistance to Borrelia biofilms
against these agents is yet to be determined (Theophilus et al., 2015 ; Sapi et al., 2011). Bacteria
such as Enterococcus faecalis has demonstrated a robust biofilm formation even after the eDNA
release mechanism in the bacterium was impaired by using proteins as cell surface adhesins and
essential matrix components for biofilms formation (Iyer & Hancock, 2012). Increased biofilm
quantity and reduced extracellular DNA content (µg) present per µm2 of the biofilm at 37⁰C for
strain B31 suggests that extracellular DNA might not be essential for robust biofilm formation at
37⁰C in vitro.
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Instances of temperature effecting biofilm morphology have been reported in bacteria such as
Legionella Pneumophila which forms filamentous mat-like biofilms at 37⁰C and 42⁰C, while at
25⁰C the biofilm consisted of rod shaped planktonic cells (Piao et al., 2006). However, we did not
observe any significant differences in morphology and nanotopography of the biofilms, and
observed tower morphology of Borrelia biofilms at all three temperatures, as described previously
9
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(Timmaraju et al., 2015). Tower shaped morphology of biofilms has been observed in
Pseudomonas aeruginosa and Staphylococcus aureus (Cowan et al., 2000) (Moormeier et al.,
2014). In Staphylococcus aureus distinct and focused biofilm growth was reported after
inoculation, resulting in the formation of biofilm towers (Moormeier et al., 2014). Tower shaped
morphology of biofilms at all three temperatures suggests that unlike other bacteria, temperature
does not alter the development of Borrelia biofilms
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Strain specific differences have been observed in the amount of biofilms produced, biofilm
morphology and the EPS polysaccharides observed in various bacteria such as Pseudomonas
aeruginosa, Listeria monocytogenes and E. coli (Allegrucci & Sauer, 2007 ; Borucki et al., 2003
; Weiss-Muszkat et al., 2010). For instance, in Listeria monocytogenes increased formation of
biofilms was observed in strains not responsible for food borne outbreaks when compared to
strains known to cause food borne outbreaks (Borucki et al., 2003). B. burgdorferi has also
demonstrated differences in the amount of biofilm formed, EPS polysaccharides produced between
strain B31 and 297 at 37⁰C. We observed that at 37⁰C, strain B31 forms more biofilms but has
reduced EPS polysaccharide production in the biofilms when compared to strain 297. It is
interesting to note that strain B31 was isolated from tick Ixodes dammini and strain 297 was
isolated from human cerebrospinal fluid and the site of strain isolation could have an impact on
biofilm formation (Johnson et al., 1984). Strain specific differences in biofilm formation have been
demonstrated in bacteria such as Staphylococcus aureus, Acinetobacter baumannii, Pseudomonas
aeruginosa, Klebsiella pneumonia and Escherichia coli based on the site of strain isolation
(Sanchez et al., 2013). Strains isolated from non-fluid tissues, patients with persistent infection
and multi-drug resistant strains are more frequent biofilm formers (Sanchez et al., 2013).
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Taken together, mammalian physiological temperature may provide a suitable niche for B.
burgdorferi biofilm formation. Further studies need to be conducted to demonstrate how
temperature influences Borrelia biofilm formation and the significance of biofilm formation with
regards to the virulence or transmission of bacterium as reported previously in Yersinia Pestis,
Vibrio Cholerae, Pseudomonas aeruginosa, Staphylococcus epidermis and Klebsiella pneumonia
(Faruque et al., 2006 ; Hinnebusch & Erickson, 2008 ; Donlan, 2001)
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Fig. 1 Analyses of the number of planktonic spirochetes and biofilm adherence of strains B31
and 297 after 7 days of culture at 37⁰C. B. burgdorferi spirochetes were cultured at 23⁰C, 33⁰C
or 37⁰C for a period of 7 days. Spirochetes were visualized through SYBR green staining and the
biofilms through phase contrast microscopy in strains B31 (a) and 297 (b), scale bar – 100 µm.
The mean number of spirochetes per grid (d) and the % of adherent biofilms after shaking (c) were
analyzed. Two-way (ANOVA) was performed using uncorrected Fisher LSD test with P<0.05 to
determine statistical significance between datasets. Representative data are shown as mean ± SD
from 9 independent experiments
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Fig. 3 3D nano-morphology and topography of representative Borrelia biofilms at three
different temperatures. B. burgdorferi spirochetes from strains B31 (a) and 297 (b) were cultured
for 7 days at 23⁰C, 33⁰C or 37⁰C. The biofilms were scanned using SHOCONG probes and
Nanosurf eyescan 2 software and the data was analyzed using Gwyddion software. Two
dimensional topography profiles of Borrelia biofilms of strains B31 (a) and 297 (b) was extracted
from AFM scans and plotted using GraphPad.
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Fig. 4 Analyses of the height of B. burgdorferi biofilms of B31 and 297 strains formed at three
different temperatures. B. burgdorferi B31 and 297 cells were cultured for 7 days to initiate
biofilm formation at 23⁰C 33⁰C or 37⁰C. The culture was removed and the biofilms were analyzed
by atomic force microscopy. Mean height of the biofilms was extracted from AFM scans using
Gwyddion for 4 random biofilms (n=4) for each strain at three temperatures. Two-way ANOVA
using uncorrected Fisher LSD test with significance of P<0.05 was performed to determine

Fig. 2 Analyses of biofilm formation in B. burgdorferi strains B31 and 297 cultured at 37⁰C.
B. burgdorferi spirochetes (5x106 cells) from strains B31 (a-c) and 297 (d-f) were cultured at 23⁰C,
33⁰C or 37⁰C for a period of 7 days. The culture media was removed on day 7 and the phase
contrast micrographs of the biofilms were imaged (n=9). Quantitative comparison of the mean
biofilm coverage area and mean individual biofilm coverage area of B. burgdorferi biofilms
formed at the three temperatures by the two strains was performed using two-way ANOVA (panel
g and h respectively). Representative data are shown as mean ± SD from 9 independent
experiments. Scale bar - 100 µm.
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statistical variation between the mean heights of the biofilms. Representative data are shown as
mean ± SD from 4 independent experiments.
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Fig. 5 Presence of alginate, mannose in Borrelia biofilms at three different temperatures and
increase in the carbohydrate content in biofilms of strains B31 and 297 at 37⁰C. B. burgdorferi
biofilms from strain B31 and 297 were cultured at 23⁰C, 33⁰C or 37⁰C for a period of 7 days and
stained with 1:100 primary alginate antibody (a) (red) and with polysaccharide mannose specific
HHA lectin (b) (green). The biofilms were then counterstained with DAPI (blue, shown in the
merge Alginate/DNA and Mannose/DNA). Fluorescent micrographs were acquired using Leica
DM 2500 microscope, Scale bar - 100µm. Total carbohydrate content was surmised from
triplicates of nine independent experiments (n=9), (c). Total carbohydrate content within the
biofilm per µm2 of the biofilm (µg/µm2) (d). Two-way ANOVA using uncorrected Fisher LSD
multiple comparison test performed with significance P<0.05 was used to determine significant
difference between the groups. Representative data are shown as mean ± SD from 9 independent
experiments.
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Fig. 6 Extracellular DNA content in Borrelia burgdorferi biofilm at three different
temperature B. burgdorferi were cultured at 23⁰C, 33⁰C or 37⁰C for 7 days and then stained with
SYBR green dye. Fluorescent micrographs of extracellular DNA staining in the biofilms were
acquired using Leica DM 2500 microscope, scale bar = 100µm (a). Mean total extracellular DNA
content in the biofilm was obtained from triplicates of three different experiments (n=3) (b). Total
extracellular DNA content within the biofilm per µm2 of the biofilm (µg/µm2) (c). Two way
ANOVA was performed with uncorrected Fisher LSD multiple comparison test, p<0.05 was used
to determine statistical significance between the groups. Representative data are shown as mean ±
SD from 3 independent experiments.
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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.
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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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 R 2 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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