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ABSTRACT

Pathogenic Leptospira species can survive and thrive in a wide range of environments. Distinct
environments expose the bacteria to different temperatures, osmolarities, and amounts and sources
of nutrition. However, leptospires are mostly cultured, in a laboratory setting under in vitro
conditions that do not reflect natural environments. This constraint on laboratory cultures limits
the applicability of in vitro studies to the understanding of even simple pathogenic processes. Here
we report, investigate, and identify a medium and conditions that mimic the host environment
during leptospirosis infection, expanding the available in vitro tools to evaluate leptospiral
pathogenesis. We quantified genome-wide gene expression of pathogenic Leptospira interrogans
cultured in different in vitro media compositions (EMJH, DMEM, EMEM, and HAN). Using
EMJH as standard, we compared gene expression in these compositions to genome-wide gene
expression gathered in a host environment: whole blood (WB) of hamsters after infection with
pathogenic leptospires. Leptospires cultured in DMEM and EMEM media shared 40% and 47%
of all differentially expressed genes (DEGs) of leptospires present within WB (FDR<0.01), while
leptospires cultured in HAN media only shared 20% of DEGs with those from WB. Furthermore,
gene and pathway expression of leptospires cultured on DMEM and EMEM media exhibited a
better correlation with leptospires grown in WB, including promoting expression of a similar
leptospiral lipid A profile to the one identified directly in host tissues. Taken together, these results
indicate that commercial cell-culture media EMEM or DMEM are better surrogates for in vivo
pathogenic studies than EMJH or HAN media in Leptospira. These alternative culture conditions,
using media that are a standard supply worldwide, provide a reproducible and cost-effective
approach that can accelerate research investigation and reduce the number of animal infections

necessary for basic research of leptospirosis.
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INTRODUCTION

The use of laboratory animals in research is a common and often highly informative
practice. A diverse field of studies have been using research animals to better understand
pathogenesis, evaluate vaccine candidates, or viability of new drugs and treatments. However,
research animals often experience disagreeable symptoms and painful disease progression [1, 2].
Animal experiments can also have a distressing effect on personnel performing this work [3].
These drawbacks have spurred increased animal welfare and bioethical regimentation [4]. Indeed,
the importance of animal use in research has been debated; legislation has been enforced to protect
animals and maintain humane conditions while conducting such research. Efforts have been
encouraged to explore alternatives to animal use, including the 3Rs: replacement, reduction, and
refinement [3, 4]. One possible alternative to reduce animal use in research is the expansion of in
vitro assays that mimic specific conditions, like temperature and nutrition, that are highly relevant
factors in the host environment [5, 6], enabling the generation in vivo of essential information
regarding pathogenesis without infecting animals.

Animal models such as guinea pigs, hamsters, mice, and rats are widely used for
pathogenesis studies of leptospirosis [7], a zoonotic disease of global importance. Leptospirosis is
caused by a diverse group of pathogenic spirochetes of the genus Leptospira, an imposes a
significant burden on impoverished populations living in tropical climates [8]. It is estimated that
the disease causes 1 million cases with a mortality rate of ~60,000 deaths per year worldwide [8].
A large spectrum of reservoir animals, from rats to wild animals, can survive infection and have
their renal tubules colonized with leptospires. Live pathogenic Leptospira can then be excreted in
urine, contaminating environments (soil, mud, and water) where the spirochete can survive for
weeks, causing spillover infections to humans and other animals and contributing to the life cycle
of the disease [9-11]. There are no effective diagnostics or vaccines for leptospirosis, hampering
prevention and treatment efforts and leading to infections with lethality as high as 10-50% [12].
The burden of leptospirosis is believed to increase with the rise of the urban slum population
worldwide [13, 14] and extreme weather events intensified by global climate change [15]. The
lack of understanding of the molecular mechanisms of leptospirosis pathogenesis has curtailed the

development of effective control measures for this important neglected disease [16].
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83 The most common medium used and commercially available worldwide for culture of
84  leptospires, EMJH, was developed by Ellinghausen and McCullough [17] and modified by
85  Johnson and Harris [18]. The EMJH medium replaced previously used serum-containing media
86 (e.g. Stuart and Korthof), which fostered leptospiral growth but caused phosphate precipitates
87  complicating darkfield microscope visualization [19]. EMJH typically consists mostly of a salt
88 base supplemented with bovine serum albumin (fraction V), Tween 80, chlorides, sulfides,
89  vitamins, and rabbit serum, with some minor variations in formulation [20-22]. EMJH balanced
90 and crafted composition based on nutritional and metabolic needs of the bacteria, makes it an ideal
91 medium for the growth of several species of pathogenic and nonpathogenic Leptospira. Puzzlingly,
92  invitro growth of leptospires commonly occurs is in aerobic conditions at 29-30°C—a temperature
93 that is not consistent with host environments and physiologies. A medium that has a composition
94  similar to the host and can be used to culture Leptospira in host-like conditions can induce patterns
95  of protein expression that are similar to those observed during the natural infection process [23-
96  25]. The balanced salt solution of media like Minimum Essential Medium Eagle (MEM), when
97 added to EMJH, changed the osmolarity and affected leptospiral regulation [26]. Recently,
98  Hornsby-Alt-Nally developed the HAN medium, a modified EMJH formulation for propagation
99  ofleptospires; HAN facilitated increased growth of leptospires directly from clinical samples [27].
100  The main features of the HAN medium are the use of hemin as an iron source and the addition of
101  Ham's Nutrient mixture F12 (Dulbecco’s Modified Eagle’s Medium), which enable the culture and
102  growth of leptospires at 37°C and 5% COo.
103 The specific nutrition formula and growth conditions of a medium can be crucial to the
104  capability of individual leptospiral strains surviving or adapting to culture. However, little is
105  known about the distinct transcriptomics and biological pathways that are altered by those different
106  media formulations. To understand the adaptation of leptospires to culture conditions and nutrition,
107  we analyzed their transcriptomic profiles. Using RNA-seq, we compared the transcriptome of
108 leptospires during the process of infection and in response to cell culture media that are commonly
109 used for the growth of leptospires or mammalian cells. We then applied mass spectrometry
110  approaches to compare Leptospira lipid A profiles under these different culturing conditions and
111  in host tissue. Comparing these profiles to those associated with leptospires in a whole-blood
112 hamster model, we identified a culture medium and conditions that can be used as a surrogate for

113 in vivo studies on leptospires. Use of these media for studies of leptospiral pathogenesis increases
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114  the applicability of in vitro virulence studies, while also saving costs and research time and
115 reducing the need for animal infections to elucidate basic properties of leptospiral pathogenesis.
116

117 RESULTS

118

119 Media composition and culturing conditions determine growth behavior in pathogenic
120  leptospires without affecting their virulence. We evaluated the growth of pathogenic Leptospira
121  strain Fiocruz L1-130 in different media. To establish the optimal timepoint for comparing
122 transcriptomes during the mid- to late-log phase of bacterial growth, we characterized the growth
123 curve. We observed environmental effects using a single strain: distinct behaviors in each medium
124  (Fig 1A). Growth in DMEM and EMEM media (37°C) trended similarly: leptospires exhibited
125  rapid exponential growth that peaked on day 4, followed by a longer stationary phase through day
126 10, with a decline on the number of cells after that. Culture in EMJH (29°C) and HAN (37°C) led
127  to a long exponential phase with peaks at days 10 and 14, respectively. However, leptospires
128  cultured on HAN media never reached the concentrations observed in EMJH (29°C), plateauing
129  at similar concentrations as DMEM and EMEM. Finally, transcriptome analysis of Leptospira
130 genome-wide gene expression on the EMJH medium at 37°C was not possible: these culture
131  conditions were not conducive to the growth and multiplication of leptospires (Fig 1A). Previous
132 studies that successfully used leptospires cells cultured in EMJH at 37°C either performed an
133 overnight shift from 30°C or used higher inoculum doses compared to the low dose of inoculum
134 (10* leptospires) used in our experiments [28-30]. Furthermore, we evaluated the virulence of our
135  Leptospira strain and its ability to cause disease in the hamster model after in vitro culture using
136  each medium. All animals were challenged using a dose of 108 leptospires by a conjunctival route
137  and reached the endpoint criteria between 8- and 10-days post-challenge (Fig 1B). Similar to
138  previous results obtained with L. interrogans cultured using HAN [31, 32], culture in these diverse
139  media, temperatures, and conditions did not negatively affect the growth and virulence of the strain
140  upon infection.

141

142 Whole blood as a surrogate for host environment in leptospirosis infection. Pathogenic
143  leptospires can multiply and disseminate in the blood of hamsters. Dissemination that leads to

144  colonization of significant organs and clinical symptoms [33]. Accordingly, we selected blood as
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145  asurrogate for the host environment relevant for infection. We then determined the best component
146  of the hamster blood (whole blood, plasma, or serum) to be used to assess the transcriptome of
147  Leptospira during infection. With an inoculum dose of 108 leptospires of strain Fiocruz L1-130 by
148  conjunctival route, the animals started presenting symptoms of severe leptospirosis between days
149  8-10 post-challenge [34], at which point the animals were euthanized. At this stage, leptospires in
150 the blood are on their peak and antibodies start to circulate [35]. Therefore, for this study we
151  collected blood from the animals on day seven after the challenge to represent leptospires in the
152 host environment.

153 Our qPCR analysis revealed statistically significant differences in the bacterial burden
154  among the blood components. Leptospire concentration in whole blood reached 2.0 x 10°
155 leptospires genome equivalents (GEq)/mL, which was significantly higher (P < 0.05) than the
156  concentration reached in serum and plasma (7.9 x 10° and 2.4 x 103 leptospires GEq/mL,
157  respectively; S1 Fig). Therefore, we selected whole blood seven days post-challenge as the
158  comparator sample to evaluate media that approximate Leptospira in their host environment.

159

160 The transcriptome profile of pathogenic Leptospira is modulated by different culture
161  conditions, with growth at 37 °C at 5% CO: eliciting gene expressions closely related to the
162  host environment. We analyzed the complete transcriptomic data from different treatments using
163  EMIJH conditions as a baseline. The time for RNA extraction of leptospires on culture was defined
164  based on the late-logarithmic stage under each media condition: day 4 for DMEM and EMEM and
165 day 10 for HAN and EMJH at 29°C (Fig 1A). Principal component analysis (PCA) showed a
166  strong association between our biological duplicates for each condition. Furthermore, a clear
167  separation between EMJH and WB (62% of the variance in PC1) was observed, with EMEM and
168 DMEM samples clustered closer to WB and HAN samples clustered closer to EMJH (Fig 2A).
169  Differentially expressed genes (DEGs) were identified by a threshold False Discovery Rate (FDR)
170  of less than 0.01 and an absolute log2 Fold Change (1og2FC) > 2. These thresholds established a
171  total of 414 DEGs in DMEM, 505 DEGs in EMEM, 271 DEGs in HAN, and 740 DEGs in whole
172 blood tissue (WB) of hamsters infected with strain L1-130 (Fig 2B), indicating that temperature
173 and the composition of the medium exhibited significant effects on the transcriptome of pathogenic
174  leptospires. Hierarchical clustering and heatmap analysis, using selected DEGs associated with

175  virulence mechanisms [36-46], exhibited similarly distinct patterns of expression, with a clear
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176  division of the EMJH cluster compared to other media and WB samples (Fig 2C). Also, in
177  comparison to EMJH, we observed a similar gene expression pattern across WB with EMEM,
178 DMEM, and HAN media (surrogate media). Genes regulating important virulence factors or
179  regulatory networks (e.g. hem0, ligd, ligB, sph2, colA, Tolc, and perB) [42, 47-50] were
180  upregulated in WB and surrogate media when compared to EMJH. In contrast, other virulence-
181 related genes (e.g. Isa27, Isa25, loa22, lipl4l, and lipl45) [48, 51], were significantly
182  downregulated in WB and surrogate media compared to EMJH (Fig 2C). This observation
183  indicates a high expression similarity between leptospiral gene expression in WB and in the
184  surrogate in vitro media (EMEM, DMEM, and HAN) when compared to EMJH. This pattern was
185  further supported by analysis of the top 10 DEGSs (up and down regulated) in WB samples (S1
186  Table).

187 We then investigated the influence of in vifro surrogate media on the bacterial cells
188  compared to the host environment, performing an enrichment analysis of biological pathways
189  using BioCyc tools [52] on DEGs between all treatments. We identified similar biological
190 pathways related to metabolism in the surrogate in vitro media and WB (S1-S6 Tables). All
191  surrogate in vitro media evaluated induced downregulation of genes involved in fatty-acid and
192  lipid degradation while upregulating genes related to the biosynthesis of cobalamin (vitamin B12;.
193  The DMEM medium induced higher expression levels for all analyzed genes in the vitamin B12
194  biosynthesis pathway, when compared with WB and other media (S2 Fig). Nevertheless, these
195  results indicate that EMEM, DMEM, and HAN media, compared to EMJH, are good surrogates
196  to study gene and pathway expressions that occurs during in vivo infection.

197 Quantitative real-time PCR of randomly selected genes (LIC10771, LIC11352, LIC11467,
198 LIC11848, LIC20148, LIC RS14805, and LIC RS21185) in all conditions, corroborated our
199 RNAseq results with a correlation coefficient of 0.70 (S3 Fig).

200

201 DMEM and EMEM media are an in vitro alternative that mimics the host environment. To
202 identify the similarity between our treatments regarding gene expression, we performed a Pearson
203  correlation of the log raw values of all DEGs (Fig 3A). We observed that WB samples exhibited
204  the lowest correlation coefficients to EMJH (0.51-0.56) and HAN (0.67-072). Cultured on EMEM
205 exhibited a positive correlation coefficient with cultures on DMEM (0.96 and 0.97), while cultures

206  on both media shared the highest positive correlation values with WB samples (DMEM: 0.84—
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207  0.86; EMEM: 0.84-0.87). We then performed a cluster of orthologous genes (COG) classification
208 to categorize all differential expressed genes identified in WB (host environment) according to
209 their predicted biological role (Fig 3B). Using EMJH as baseline, our analysis showed that EMEM
210 and DMEM samples shared 164 and 132 DEGs with predicted biological function with the WB
211 samples, respectively. In contrast, the HAN media induced only 64 COG-related DEGs shared
212 with WB.

213 Furthermore, our DEGs analysis showed that leptospires cultured in EMEM and DMEM
214  media shared more genes that were significantly up- (Fig 4A) and down-regulated (Fig 4B) in
215  common with those in WB-cultured leptospires. DMEM- and EMEM-cultured leptospires shared
216 79% and 72% of their up-regulates genes, respectively, with those up-regulated in WB-cultured
217  leptospires. Additionally, DMEM- and EMEM-cultured leptospires shared 65% of their leptospiral
218  downregulated genes with those downregulated in WB-leptospires (S7 Table). Most importantly,
219  when considering all DEGs identified in WB-leptospires, DMEM- and EMEM-leptospires shared
220  40% and 47% of them, respectively (S7 Table). In contrast, although cultured at 37°C with 5%
221  COz2, the HAN-leptospires shared only 18% of all the DEGs identified in WB-leptospires (Fig 4A—
222 Band S7 Table). Those results indicate a higher similarity of DMEM- and EMEM-leptospires with
223  the leptospiral gene expression occurring during in vivo infection.

224

225  In vitro culturing conditions at 37°C with 5% CO: induces a host-like expression of
226  leptospiral lipid A biosynthesis genes. To further evaluate the impact of growth conditions on
227  Leptospira cells, we investigated their outer membrane components. Lipopolysaccharide (LPS) is
228 an important virulence factor in pathogenic Leptospira. It consists of three parts: O-antigen, core
229 antigen, and a hydrophilic anchor to the Leptospira outer membrane, lipid A [53]. L. interrogans

230  derived from the host tissue presents with an altered O-antigen when compared to L. inferrogans
231  grown under the traditional conditions in vitro (EMJH) [54]. The precise structure of the complex
232 L. interrogans O-antigen has not been elucidated to date. Therefore, we focused on the effect of
233 the growth conditions on Leptospira lipid A. Bacterial cells have the ability to modify their lipid
234 A structure to facilitate environmental adaptation or to evade host immune response [55]. Lipid A
235  Dbiosynthesis is a multistep process facilitated by a family of /px genes. To evaluate the potential
236  influence of the in vivo and in vitro environment on lipid A synthesis, we compared the expression

237  of 8 genes related to lipid A biosynthesis among our different grow conditions. The expression
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238 trend for most of those genes was similar between leptospires isolated from WB, HAN, EMEM,
239 and EMEM compared to EMJH (S8 Table). The LpxC enzyme catalyzes a committed,
240  energetically unfavorable, step-in lipid A biosynthesis [56]. The expression of IpxC was
241  significantly upregulated (log2FC>2, P < 0.05) in WB-leptospires and upregulated with low
242  expression values in leptospires cultured in EMEM, DMEM, and HAN (S8 Table). LpxK
243 phosphorylates the lipid A precursor to form lipid IV a in the last step of lipid A biosynthesis before
244  adding sugar moieties to complete LPS [56]. Interesting, this gene was significantly upregulated
245  in leptospires isolated from the host and leptospires cultured in DMEM, EMEM, and HAN. This
246  result indicate that lipid A biosynthesis genes are altered in our in vitro media when compared to
247  the EMJH medium, resulting in expression levels close related to the host environment.

248

249 L. interrogans lipid A profile in DMEM and EMEM media is similar to the one directly
250 observed in the host environment. Given the in vifro media-induced changes to expression of
251  genes involved in biosynthesis of lipid A, we investigated the corresponding lipid A profiles. The
252 lipid A of L. interrogans serovars Manilae and Copenhageni grown in EMEM, DMEM, HAN, and
253  EMJH was extracted using the Fast Lipid Analysis Technique (FLAT) [57, 58] and analyzed using
254  MALDI mass spectrometry (Fig SA-E). Additionally, FLAT was used to investigate serum of L.
255  interrogans serovar Copenhageni-infected hamsters. Lipid A profile of L. interrogans grown in
256  EMIJH at 30°C corresponded to that published previously [43, 59-61]. The lipid A profile was
257  complex, with several lipid A ion clusters separated by 28 Da, and a base peak at m/z 1722 [59,
258  60] (Fig 5SA). Starting with a higher inoculum enabled us to obtain lipid A profile of Leptospira
259  grown in the EMJH at 37 °C with 5% COa. L. interrogans grown in EMJH and HAN at those
260 conditions displayed an additional small lipid A ion cluster with a base peak at m/z 1542 (Fig 5B—
261  C). Fragmentation via tandem MS analysis identified this cluster to consist of penta-acylated lipid
262 A species. In comparison, lipid A profile of L. interrogans grown in EMEM and DMEM was
263  significantly less complex (Fig SD—-E). The main lipid A cluster had a base peak at m/z 1748,
264  corresponding to hexa-acylated lipid A species. The penta-acylated lipid A species with a base peak
265 at m/z 1542 were also present (Fig 5D-E) under these conditions. L. interrogans serovars
266  Copenhageni and Manilae share the same lipid A biosynthesis machinery, and we observed that

267  their lipid A profiles were similar under different in vitro conditions (S4 Fig). No lipid A signal
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268  was detected in the serum of infected hamsters, likely due to low Leptospira abundance in this
269  blood component (S4 Fig).

270 To reveal Leptospira lipid A profile directly from the host, liver of hamsters infected with
271 L. interrogans serovar Manilae were investigated by MALDI mass spectrometry imaging. Given
272  the similarity between the whole-genome and lipid A profile in vitro between serovars
273  Copenhageni and Manilae, the result of the latter was determined as representative of L.
274  interrogans species. Tissues were collected one-, two-, three-, and four-days post-challenge. Lipid
275  Assignal was detected on day three and reached maximum intensity on the experimental endpoint,
276  at day four post-challenge (Fig 5F). The Leptospira lipid A profile in tissue (Fig 5G) resembled
277  that identified in EMEM and DMEM media (Fig 5D-E). It was less complex than the lipid A
278  profile in the EMJH and HAN media, with a base peak at m/z 1748.26 and additional small lipid
279 A cluster around the m/z 1722.25 ion. To confirm that the observed ions were in fact lipid A
280  molecules and not host lipids, the m/z 1748.26 ion was analyzed by on-tissue tandem spectrometry.
281 The following diagnostic lipid A ions were identified: m/z 110.98 (representing a methylated
282  phosphate), m/z 723.46 (B1ion resulting from fragmentation of the di-aminoglucose backbone),
283  and m/z 1299.91 and 1524.09 (lipid A fragment ions resulting from the loss of 2°¢ and 3’¢ and 2’¢
284  or 3’ ¢ fatty acyl chains, respectively) [60], confirming m/z 1748.26 to be Leptospira lipid A (SSA
285  Fig). Infected and control hamster liver tissues four days post-challenge were homogenized for
286  lipid A microextraction [62, 63]. Lipid A signal was detected in 2/3 extracts from liver of
287  Leptospira-infected animals (S5B-C Fig) and was not present in any of the four liver extracts from
288  negative controls (S5D Fig). The fragmentation pattern of the extracted lipid A was identical to
289 that obtained by on-tissue tandem mass spectrometry (S5A Fig), further validating our results. The
290 penta-acylated lipid A species identified in EMEM- and DMEM-Ileptospires were not detected in
291 tissue by either technique. However, it is possible that the abundance of these lipid A species was
292  below the limit of detection of the technique used. Collectively, these results indicate that the lipid
293 A profile of L. interrogans is highly influenced by culturing conditions and media components.
294  Furthermore, the lipid A profile of Leptospira cultured in EMEM and DMEM media resembles
295  Leptospira lipid A observed in the host, highlighting the potential of both media to be used as
296  surrogates of in vivo conditions.

297

298  DISCUSSION
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299 Leptospira is an environmentally transmitted spirochete that can survive for weeks in water
300 or soil. Pathogenic species of the Lepfospira genus have the ability to infect, disseminate, and
301 colonize tissues of a wide range of mammal hosts [12]. Each of these environments has a different
302 nutrition composition, osmolarity, and temperature. Previous studies have shown that shifting
303 leptospires between different environments and conditions alters the bacterial transcriptome and
304 proteome, as the spirochetes adapt to those changes [23, 64-70]. Despite recent efforts, the
305 molecular mechanisms behind the pathogenesis and adaptation ability of leptospires to survive on
306 this wide spectrum of environments are still unknown [71]. The lack of an in vitro media that can
307 mimic host conditions has been a major barrier and a contributing factor to this knowledge gap.

308 In this study, temperature and media composition impacted the growth of pathogenic
309 Leptospira without changing their pathogenicity. Leptospires are fastidious bacteria that require
310 long chain fatty acids and ammonium ions as source of carbon and nitrogen, respectively, and the
311  presence of select vitamins and nutritional supplements for optimal growth [21]. The most
312 common medium used for in vitro culture and propagation of leptospires is the EMJH [20].
313  Although EMJH offers the bacteria all the nutrients necessary for survival and multiplication, it
314  does not mimic host characteristics and conditions [46], leading to adaptation and potentially
315 attenuation after high passages during in vitro culturing [72]. Moreover, the different recipes and
316  variations of EMJH available create additional challenges with reproducibility of in vitro
317  experiments [20, 73]. Recently, the HAN (Hornsby-Alt-Nally) medium has been proposed to
318  culture pathogenic leptospires directly from host tissues [27]. Even though the components of the
319 HAN medium are chemically defined, the major difference between HAN and EMJH is the source
320 ofiron and the addition of DMEM medium. Although the HAN media allowed the leptospires to
321  thrive at 37 °C and 5% CO2, we observed a growth pattern very similar to EMJH at 29 °C, with
322 cell growth peaking at day 10. In contrast, DMEM and EMEM media induced leptospires to a
323  faster exponential growth curve, reaching their peak growth in four days, with similar cell numbers
324  as the maximum peak observed in the HAN medium, but lower than in the EMJH medium. EMEM
325 and DMEM use glucose as source of carbon, with the latter having a higher concentration of
326  glucose, vitamins, and amino acids. Nevertheless, the ability of the Leptospira strain Fiocruz L1-
327 130 to cause disease in the hamster model was not affected by the medium type, temperature, or

328 COz2 levels used for in vitro cultivation.
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329 The transcriptome of virulent leptospires was highly affected under in vifro media that
330 mimic the host environment, inducing gene expressions closely related to in vivo conditions.
331 Previous studies have shown that individual conditions, similar to host environment, like
332  osmolarity [26, 66, 67] or temperature shifts [24, 28-30, 69, 72, 74] can alter leptospiral gene and
333  protein expression. Our results showed that exposing leptospires to a host-like environment based
334  on temperature, osmolarity, and levels of COa2, elicited a dramatic change of the leptospiral
335 transcriptome in comparison with the traditional EMJH medium. Furthermore, our results
336 indicated that the transcriptome shifts induced by in vitro host-like environment is similar to the
337  shifts observed during the host infection. Previous studies have suggested that vitamin B12
338 (cobalamin) synthesis is critical for in vivo survival and dissemination of pathogenic leptospires,
339  which is highlighted by its absence in saprophytic species of Leptospira [48, 75]. In our results,
340 we identified a six-gene cluster involved in cob(Il)yrinate a,c diamide biosynthesis I (early cobalt
341 insertion; part of the cobalamin biosynthesis pathway) significantly activated in EMEM, DMEM,
342 HAN, and WB samples compared to EMJH. In contrast, we observed that fatty acid and lipid
343  degradation pathways were downregulated in WB, DMEM, and EMEM only, when compared to
344  EMIJH. This pathway is involved in the metabolism of fatty acids and lipids as a source of nutrients
345 and energy for the cell. The upregulation of this pathway in EMJH and HAN media might be
346  related to their high concentration of Tween, used as an energy source. When evaluating the
347 expression of virulence factors, we observed that important genes encoding leptospiral
348 immunoglobulin-like proteins (/ig4 and ligB) [26], sphingomyelinase hemolysin (sph2) [38, 66,
349  76], and collagenase (cold) [77, 78] where all upregulated on EMEM, DMEM, HAN, and WB
350 samples compared to EMJH. Finally, the gene /ipL36, which encodes a lipoprotein (LipL36)
351  expressed when Leptospira grows in vitro at 30 °C but not in vitro at 37°C or in vivo [79], was
352  downregulated in WB, HAN, EMEM, and DMEM.

353 The tissue culture media DMEM and EMEM are promising candidates as in vitro
354  surrogates for in vivo experiments that evaluate leptospiral gene expression and pathogenesis.
355 Heavy animal use in research has been raising ethical concerns. Leptospiral studies frequently rely
356  on laboratory animal models, even though there is no consensus correlating experimental infection
357  studies with natural infection [7]. A recent study used intraperitoneal dialysis membrane chambers
358 (DMC) that replicated conditions of a natural leptospirosis infection. The authors identified several

359 essential genes modulated in vivo, but the method involves animal experiments and surviving
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360 surgery [64]. In our experiments, analyzing the transcriptome of hamster blood infected with
361 leptospires, we identified more than 500 differentially expressed genes (DEGs) that do not appear
362  inthe DMC approach. When considering the number of DEGs, the correlation of modulated genes,
363 and genes orthologous classification, our analysis showed that DMEM and EMEM media are
364  comparable to WB samples, and thus to in vivo conditions. DMEM and EMEM conditions lead to
365 a gene expression that shared 40% and 47%, respectively, of all differentially regulated genes on
366 the host (WB). In contrast, HAN and DMC shared only 18% and 9%, respectively. Most
367  pathogenesis studies focus on host-pathogen interactions with different animal models, resulting
368 in many animals experiencing painful disease progression. Each animal has a variable reaction to
369 infectious agents based on genetic and environmental conditions and reproducibility is required as
370 the foundation of conducting the experiment [80]. Repeating animal experiments always involves
371  extra cost, time, and other resources. Compassion burnout in technicians can also present a
372 challenge to proper animal care [81]. Thus, minimizing or reducing animal use and meeting animal
373  welfare requirements are desirable and regulated under the federal government.

374 The growth media composition and in vitro culturing conditions also impacted the
375  Leptospira lipid A profile. Many bacteria species, including Leptospira, maintain the integrity of
376  their membranes by modifying lipid A structure in response to environmental cues (e.g.
377  temperature shift and presence of antimicrobials) [43, 82, 83]. Growth in DMEM and EMEM
378 media reduced heterogeneity of Leptospira lipid A and induced incorporation of longer secondary
379 fatty acyl chains and the occurrence of penta-acylated lipid A species. Leptospira cannot synthesize
380 fatty acids de novo and has only a limited capacity to modify them [84]. Therefore, one possible
381 explanation of the observed lipid A diversity is a variation in the availability of the individual fatty
382 acids in different media. Both HAN and EMJH use Tween 80 as a major source of fatty acids (50-
383  70% oleic acid, balanced with linoleic, palmitic, and stearic acids). EMEM and DMEM source of
384 fatty acids is exclusively from the addition of rabbit serum, which overall is composed of palmitic
385 acid (~40%), linoleic acid derivatives (~20%), and oleic acid (~20%) [85]. Nevertheless, changes
386 in the abundances of transcripts of genes involved in lipid A biosynthesis were detected between
387 the growth conditions, suggesting that modifications to lipid A were also regulated on the gene
388  expression level. Further studies to better understand the effect of the source of fatty acids on the

389 leptospiral lipid A profile should be considered.
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390 EMEM- and DMEM-grown Leptospira induced lipid A profile more closely to the bacteria
391 found in vivo. Detection of lipid A by MALDI mass spectrometry requires mild-acid hydrolysis
392 that disrupts the covalent bond between the molecule and the rest of the LPS; lipid A otherwise
393  does not ionize [57]. Curiously, Leptospira lipid A was readily detectable in the liver of infected
394  hamsters without the need for on-tissue derivatization that ordinarily facilitates the hydrolysis [86].
395  The direct detection suggests that a portion of lipid A is present in the Leptospira membrane in a
396 free form, not bound to LPS. The only other bacterium described to date with free lipid A is
397  Francisella. Francisella lipid A is also detectable in tissue without needing of acid hydrolysis and
398 its LPS has similar biochemical properties to Leptospira LPS [63, 87, 88]. Lipid A activates the
399 innate immune cascades by binding to the Toll-like receptor 4-myeloid differentiation protein 2
400 complex (TLR4-MD?2). Variation in the number, length, and saturation of lipid A acyl chains
401  affects the binding efficiency, modifying the downstream TLR-induced signalling and the
402  recruitment of immune responses [89-95]. Overall, the Leptospira lipid A profile in tissue differed
403  from that of the EMJH-grown Leptospira traditionally used to study host immune responses and
404 to generate bacterins for animal vaccines against leptospirosis. In the future, experiments to
405  determine activation of TLR4-MD2 by individual lipid A extracts will be essential to better
406  understand media composition and lipid A structure on immune responses against leptospirosis.

407 In summary, in this work, we characterize the in vitro growth of virulent Leptospira sp.
408  using different media and conditions commonly used in various mammalian cell types. Our growth
409 analysis indicated that EMEM or DMEM are good alternative media to grow leptospires in a host-
410 like environment and circumvent the issue of fastidiousness when culturing pathogenic Leptospira.
411  After the identification of different profile signatures obtained in each medium, we also observed
412  that commercial media DMEM and EMEM elicit similar gene expressions as the in vivo
413  environment represented here by whole blood of infected hamsters. Furthermore, Leptospira lipid
414  Awas, for the first time, characterized directly from the infected tissue and our results showed that
415 DMEM and EMEM media induces a lipid A profile that is more closely related to that in vivo when
416  compared to traditional growth conditions. Although the HAN media has been developed and used
417  as an alternative for EMJH to isolate leptospires, HAN is closer to EMJH than the other media
418  used here when considering the induced transcriptomic analysis and lipid A structure. Our results
419  are limited by using a minimal number of replicates (n=2). Therefore, we used conservative cut-

420  off values for our analysis and validated our findings using additional methods and approaches.
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421  Our choice for host-condition sample (7-days post-infection blood) has established biological
422  relevance. However, we do not have a clear understanding of the transcriptomic profile of
423  leptospires in different tissues and times of the infection process. Additional experiments are in
424  progress in appropriate media to address those differences.

425 Recently, the leptospiral field has seen an increased on the number of novel Leptospira
426  species identified [96, 97], coupled with an emergence of cases around the world, including in
427  developed countries [98]. In parallel, there have been major advances in development of genetic
428  tools to manipulate leptospires cells [99] and important discoveries on Leptospira biology and
429  pathogenicity [71]. Both DMEM and EMEM media can be found worldwide at lower costs
430 compared to EMJH and HAN and have a defined composition eliminating the necessity of in-
431  house media production and variability. The prospect of a commercially available in vitro media
432  that can be used as a surrogate for the host environment is critical and essential to reduce animal
433 use, simplify the culture of leptospires, and facilitate research, thus allowing for new discoveries
434  on this important neglected disease.

435

436 METHODS

437

438  Ethics Statement

439 The protocol of animal experimentation was prepared and approved according to the
440  guidelines of the Institutional Committee for the Use of Experimental Animals at Yale University
441  (protocol # 2023—11424) and Institute Pasteur (protocol # 220016). All animal procedures carried
442  out at Institute Pasteur were performed in accordance with the European Union legislation for the
443  protection of animals used for scientific purposes (Directive 2010/63/EU). Animals were
444  monitored twice daily for endpoints, including signs of disease and death, up to 21-days post-
445  infection. Surviving animals at the end of the experiment (7-days post-challenge) or moribund
446  animals showing difficulty in moving, breathing, and/or signs of bleeding or seizure were
447  immediately sacrificed by inhalation of COo.

448

449  Bacteria culture, media, and growth conditions

450 A low-passage of Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130 was

451  cultured in four different media (EMJH, EMEM, DMEM, and HAN). We used Ellinghausen—
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452  McCullough—Johnson—Harris (EMJH) [18] supplemented with 1% rabbit serum (Sigma-Aldrich)
453  at 30°C in a shaking incubator (100 rpm). EMEM medium was prepared from Eagle’s Minimum
454  Essential Medium (EMEM; ATCC 30-2003) with 5% rabbit serum and 100 pL 0.036 mM FeSOa.
455 DMEM medium was prepared from Dulbecco’s modified Eagle medium (DMEM) supplemented
456  with 5% rabbit serum and 100 pl 0.036 mM FeSO4, and HAN medium was prepared following
457  the methods previously described by the authors [27]. Leptospires were enumerated by dark-field
458  microscopy in a Petroff-Hausser chamber (Thermo Fisher Scientific, Waltham, MA, USA). Each
459  media was inoculated with 10* L. interrogans serovar Copenhageni strain L1-130 and incubated
460 at 37 °C under 5% CO2 (EMJH 37 °C, EMEM, DMEM, and HAN) and at 29 °C (EMJH 29 °C).
461  The growth curve was evaluated by counting the cells every other day for 14 days. The experiment
462  was repeated twice for reproducibility.

463

464  Animal challenge

465 Golden Syrian Hamsters (Mesocricetus auratus) were used as the animal model. Hamsters
466  are highly susceptible to leptospirosis, are the model of choice for acute leptospirosis, and emulate
467  the natural history and clinical presentation of severe leptospirosis in humans [100, 101]. Two
468  groups of six 12-week-old male hamsters were infected with a dose of 108 L. interrogans serovar
469  Copenhageni strain Fiocruz L1-130 by conjunctival route (Wunder et al., 2016). After 7-days post-
470  challenge, five hamsters were euthanized, and one hamster was left for confirmation of virulence.
471  During the euthanasia, 3 mL of blood was taken by cardiac puncture from each animal for DNA
472  and RNA extraction. Blood was collected with and without EDTA for DNA extraction to obtain
473  sera and plasma. For RNA extraction, blood was collected using only EDTA tubes.

474 For the virulence studies, four groups of three 12-week-old male hamsters were infected
475  with a dose of 10% L. interrogans serovar Copenhageni strain Fiocruz L1-130 by conjunctival route
476  as described above. Each group was challenged with leptospires cultured under different media
477  and conditions: HAN, EMEM, and DMEM culture at 37 °C under 5% CO2, and EMJH cultured
478  aerobically at 29 °C as described above.

479 For the mass spectrometry imaging experiment, four groups of four 12-week-old male
480  hamsters were inoculated intraperitoneally with 10% of low-passage L. interrogans serovar Manilae
481  strain L495 grown in EMJH medium to mid-logarithmic phase. Hamsters were sacrificed at Day

482 1,2, 3 and 4 post-infections (n=4 per group). One out of sixteen hamsters succumbed to infection
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483  Dbefore the experimental end point, and was, therefore, not included in the analysis. Control group
484 (n = 4) was inoculated intraperitoneally with EMJH medium only and sacrificed at Day 4 post-
485 injection. Liver was collected and immediately frozen by floating in vapors of liquid nitrogen.
486  Tissues were stored protected from moisture at —80°C until processing.

487

488 DNA and RNA extraction

489 Sera and plasma were obtained by centrifugation of clotted blood and whole blood with
490 EDTA at 1,000 x g for 15 min at room temperature. DNA was extracted from 250 uL of hamsters'
491  serum, plasma, and whole blood using Maxwell® 16 tissue DNA purification kit (Promega),
492  following the manufacturer's instructions and using a 200-elution volume.

493 We extracted RNA for two biological replicates of each culture condition and hamster
494  blood. A volume of 20 mL of leptospires cultured on different media at late-logarithmic phase and
495  EDTA tubes containing ~3 mL of whole blood from each hamster were centrifuged at 6000 x g for
496 15 minutes. Trizol (Invitrogen) was added to the pellets for RNA stabilization (3:1 v/). RNA
497  isolation was performed on 400 pL of the mix using Direct-zol RNA MiniPrep (Zymo Research),
498  following manufacturer’s instructions. TURBO DNA-free kit (Invitrogen) was used to eliminate
499  DNA residuals. RNA concentration, purity, and quality were verified using Qubit and NanoDrop
500 instruments (Thermo Fisher Scientific). Samples were stored at —80°C until downstream analysis.
501

502

503 RNA-Sequencing and Data Analysis

504 Samples were sent to Yale Center for Genome Analysis (YCGA) for bioanalyzer, to check
505 integrity and concentration. Only samples with RIN > 7 were chosen for mRNA library
506  construction using TruSeq standard mRNA Library Prep kit (I1lumina) and sequenced on NovaSeq
507  (Illumina) with 100 base pair paired end reads. To increase the RNA alignment quantity from
508 Leptospira extracted from bacterial cells using blood of hamsters, we supplied multi-targeted
509 primers (MTPs) [102] to the reverse transcription to specifically generate cDNA from Leptospira
510 genomic mRNA: degenerated primers were sorted and scored for their binding preferences against
511  the genome of Leptospira strain Fiocruz L1-130 and the host hamster. The primer pool with the
512  highest MTP score was used for the cDNA libraries preparation. Trimmed raw reads were aligned

513  to the reference genome of L. interrogans serovar Copenhageni strain Fiocruz L1-130 from NCBI
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514  (267671)using HISAT2 v2.1 [103]. Alignments with a quality score below 20 were excluded from
515 further analysis. Reads were counted for each gene with StringTie v1.3.3 [103], and differentially
516  expression analysis was performed in DESeq?2 [104]. P-values were corrected for multiple testing
517  with Benjamini-Hochberg correction chosen with thresholds of P < 0.01 and log2FC £ 2. PCA
518 plots showed samples clustering by different culture medium.

519

520 qPCR and RT-qPCR for Target Gene Identification and RNA Seq Data Validation

521 Using the extracted DNA, the concentration of leptospires was quantified by a TagMan-
522  based quantitative-PCR assay using an ABI 7500 system (Thermo Fisher Scientific) and Platinum
523  Quantitative PCR SuperMix-UDG (Thermo Fisher Scientific). The qPCR reaction was performed
524  using lipL32 primers and probes as previously described [34]. Based on a standard curve, the
525  bacterial quantification was calculated and expressed as the number of leptospires per milliliter.
526  For the RT-PCR, the High-capacity cDNA reverse transcription kit (Applied Biosystems) was
527 employed to convert total RNA to single-stranded cDNA. The RT-PCR was performed on 7500
528 fast real-time PCR (Applied Biosystems) using iQTM SYBRR Green SuperMix (Bio-Rad)
529 according to the manufacturer's instructions. For the endogenous control, we used the 23S rRNA
530 gene. The thermal cycling conditions were 95°C for 3 min, followed by 40 cycles of 95°C for 5 s
531 and 60°C for 1 min. The specificity of the SYBR green PCR signal was confirmed by melt curve
532  analysis. A relative quantification analysis was performed using the comparative CT method, and
533 the relative gene expression was calculated by using the 2—AACt method [105].

534

535 EGGNOG classification and Enrichment of biological pathways

536 We assessed the cluster of orthologous genes (COG) classification system to extract
537 important information from our gene lists according to their homologous relationships [106]. We
538 use the Pathway tool from BioCyc to analyze biological pathways with an enriched list of
539 differentially expressed genes between treatments[52].

540

541  Leptospira lipid A extraction

542 Cultured cells. L. interrogans serovars Manilae strain L495 [107] and serovar
543  Copenhageni strain Fiocruz L1-130 were grown in triplicates to a mid-logarithmic growth phase

544  (approximate density of 5 x 108 cells/mL; as determined by dark field microscopy). Five milliliters
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545  of culture were pelleted via centrifugation at 4,000x g for 15 minutes. Pellets were washed twice
546  with 1 mL of phosphate buffered saline (Sigma Aldrich) and reconstituted with 200 uL of MS-
547  grade water (Fisher Chemical). Lipid A was isolated from the resulting cell suspension by the Fast
548  Lipid Analysis Technique (FLAT™) [57, 58]. Briefly, one microliter of the sample was spotted in
549 triplicate on a disposable Matrix-Assisted Laser Desorption/lonization (MALDI) plate (MFX
550 pFocus plate 12x8 ¢ 2,600 pm, Hudson Surface Technology) and dried. One microliter of citric
551 acid buffer (0.2M citric acid, 0.1M trisodium citrate, Fisher Chemical) was then deposited over
552  the samples. Plates were incubated over in a glass humidifying chamber filled with 4 mL of MS
553  grade water at 110 °C for 30 minutes, allowed to cool, and washed with ~10—15 mL deionized
554  water.

555 Infected tissues. Lipid A was extracted from tissues according to the lipid A
556  microextraction protocol with modifications [62, 63]. Briefly, approximately 50 mg of Leptospira-
557 infected or uninfected (control) hamster liver tissue was homogenized using a Retsch MM 400
558  homogenizer (Retsch) at 28Hz for 2 x 2min. Samples were cooled in liquid nitrogen vapor between
559  the cycles. The homogenized tissue was resuspended in 1.2 mL of isobutyric acid: 1 M ammonium
560 hydroxide (5:3, v/v; Sigma Aldrich) and incubated for 2 h at 100 °C with occasional vortexing.
561  Samples were cooled on ice and centrifuged at 2000x g for 15 min at room temperature. Pellets
562  were washed twice with methanol. The methanol-insoluble lipid A was then extracted from the
563  pellet using chloroform: methanol: water (3: 1.5: 0.25, v/v; Fisher Chemical). Samples were
564  centrifuged for 1.5 min at 6000x g, and lipid A was re-extracted with chloroform: methanol (2:1,
565  v/v). Both lipid A extracts were combined in an autosampler vial with a glass insert and brought to
566  dryness under a stream of heated nitrogen gas (35 °C). Finally, samples were rehydrated in 10 pL
567  of chloroform: methanol (2:1, v/v), and 1.5 pL was spotted on a disposable MALDI plate.

568

569  Mass Spectrometry Analysis of extracted Leptospira lipid A

570 Lipid A extracts were overlaid with one microliter of norharmane matrix (Sigma Aldrich)
571 dissolved to 10mg/mL in MS grade chloroform: methanol (2:1, v/v). Data was acquired on a
572  timsTOF flex MALDI-2 (Bruker) in the negative ion mode with 1 burst of 1,000 shots per spot at
573 5,000 Hz. The following settings were used: scan range m/z 600-2300, collision RF 4,000 Vpp,
574  pre-pulse storage 15.0 ms, and transfer time 150 ms. Lipid A ions were analyzed by tandem mass

575  spectrometry, using a 1,000 shots per spot, m/z 4 isolation width and variable collision energy
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576  (100-120V), collision RF (700—4,000 Vpp), pre-pulse storage (7.0—15.0 ms), and transfer time
577  (70-150 ms) to generate a full mass fragment signature. Mass spectra were analyzed using
578  Compass Data Analysis v6.0 (Bruker) and mMass v5.5.0 [108].

579

580 Mass Spectrometry Imaging

581 Liver tissues were sectioned to 10 um thickness on a C1950 cryostat (Leica Biosystems);
582  chamber temperature was set to —17 °C, specimen head cooling was turned off. Sections were
583 thaw-mounted on indium tin oxide slides (Delta Technologies), dried in a nitrogen box for 30
584  minutes and stored protected from moisture at —80 °C until processing. Samples were taken out of
585 the freezer in randomized order, thawed sealed at room temperature, and dried in a nitrogen box
586  for 30 minutes. One microliter of SPLASH LIPIDOMIX Mass Spec Standard (Croda) in MS-grade
587  methanol (Fisher Chemical) was deposited on the slide separated from the tissue for quality control
588  purposes. Norharmane matrix (7 mg/ml; Sigma Aldrich) in 2:1 (v/v) MS-grade chloroform and
589  methanol (Fisher Chemical) was deposited on tissue sections using an automated pneumatic HTX
590 MS sprayer (HTX Technologies). Spraying conditions were as follows: 12 passes with 30 s drying
591 time between them, 30 °C nozzle temperature, 0.12 ml/min flow rate, 1200 mm/min velocity, 3
592  mm track spacing, crisscross pattern, 10 psi pressure, 2 I/min gas flow rate, 40 mm nozzle height
593  and heated tray temperature at 25 °C [109]. Slides were sprayed in batches of three and kept in the
594  nitrogen box until processing. Optical images were acquired using an office scanner (Epson) and
595  regions for imaging were outlined in Flex Imaging (Bruker): tissue, matrix only (negative control),
596 and an area with the SPLASH LIPIDOMIX standard (quality control). A timsTOF flex MALDI-2
597 instrument was calibrated in the electrospray mode using a direct infusion of the Agilent Tuning
598 Mix (Agilent Technologies). Mass spectra were acquired using the following settings: custom laser
599  with a single smart beam (46 x 46 um; resulting in 50um pixel size), scan range m/z 600—-2300,
600 250 shots per spot at 5,000 Hz, collision RF 4,000 Vpp, pre-pulse storage 15.0 ms, and transfer
601 time 150 ms. The following ions were used for online calibration: m/z 515.1620 (norharmane
602  matrix ion) m/z 885.5497 (phosphatidylinositol, PI 38:4), m/z 1447.9650 (cardiolipin, CL 72:8)
603  and m/z 1449.9806 (cardiolipin, CL 72:7). On-tissue tandem mass spectrometry analysis of lipid
604 A was performed using the same parameters as described above for on-plate tandem mass
605  spectrometry. Raw data were processed in SCiLS Lab v2024a Pro (Bruker) and ion images were

606  created upon normalization to total ion count.
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607

608  Statistical Analysis

609 GraphPad Prism (Prism Mac 5.0) was used to analyze in vivo and in vitro assays
610 statistically. Real-time QRT-PCR data were analyzed using one-way ANOVA with Bonferroni post
611  hoc test at P < 0.05. Benjamini-Hochberg FDR was use as cut off for RNA seq data. Pearson
612  correlation was used to compare RNA expression between different treatments. Deseq2 Package
613  was used to perform differential expressed analysis [104].

614

615  Data Availability

616 RNA-Seq reads are available in the NCBI GEO data base. Mass spectrometry imaging data
617  were converted to the imzML format in SCiLS (centroid, no normalization). The resulting imzML
618 files can be accessed vie METASPACE [110] using the following link:
619  https://metaspace2020.cu/project/Leptospira_lipidA_liver.
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Fig 1. Growth and virulence analysis of pathogenic Leptospira cultured on different media
and conditions. A. Growth curve of L. interrogans serovar Copenhageni strain Fiocruz L1-130 in
five different growing conditions (medium, temperature, and CO: level). Dots and error bars
represent the average from two independent experiments and standard deviation, respectively. B.
Survival curve of virulence experiments. Leptospira strain Fiocruz L1-130 was cultured in
DMEM, EMEM, or HAN at 37 °C and 5% COz, or EMJH at 30 °C. Groups of hamsters (n = 3)
were challenged with 10% leptospires by conjunctival-route (CJ) to demonstrate the ability of
pathogenic Leptospira to maintain its virulence after culture on different media and conditions.

Results presented are representative of one of two independent experiments with similar results.
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S1 Fig. Results of qPCR for Leptospira using DNA extracted from whole blood, serum, and
plasma of hamsters after 7 days post-conjunctival infection with 10% leptospires (L. interrogans
serovar Copenhageni strain Fiocruz L1-130). Numbers are expressed in logarithmic genome

equivalent (GEq) with average and standard deviation. *: P <0.05.
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Fig 2. Whole transcriptome and hierarchical cluster between different treatments. A. First
two Principal Component Analysis (PCA) between replicates of all the treatments evaluated:
EMJH, EMEM, DMEM, HAN, and Whole-blood (WB). B. Total number of differentially
expressed genes (DEGs) between all treatments versus EMJH. C. Hierarchical cluster of different

treatments based on the expression of selected genes associated with the pathogenic mechanism

of leptospirosis infection. (P value < 0.01, and log2FC * 2;n = 2).
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S2 Fig. Relative expression of all the genes involved in Cobalamin production in different in vitro
growth conditions and in whole blood (WB). Bars represent expression levels of each gene on

leptospires cultured in different media.
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S3 Fig. Pearson correlation coefficient results for validation of RNA-Seq analysis using RT-qPCR.

Dots represent comparison results of four genes tested on all four media conditions analyzed:

EMIJH, HAN, EMEM, and EMEM.
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Fig 3. Correlation and cluster of orthologous genes analysis. A. Pearson correlation of
normalized log raw counts of all differentially expressed genes (DEGs) between different growth
conditions (P value <0.01). B. Sankey plot of orthologous gene clusters (COG) identified in
Leptospira isolated from whole blood (WB) samples and shared with Leptospira grown in different

in vitro media.
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Fig 4. Venn diagram of differentially expressed genes (DEGs) between all treatments versus

EMJH. A. Venn diagram of up-regulated DEGs. B. Venn diagram of down-regulated DEGs. P
value < 0.01, and log2FC £ 2 (n = 2).
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Fig 5. Lipid A profiles of L. interrogans serovar Manilae strain L495 in different growth
conditions. A. EMJH at 30 °C, regular incubator without a COz level control. B. EMJH at 37 °C
and 5% COa2. C HAN at 37 °C and 5% COz. D. EMEM at 37 °C and 5% CO2. E DMEM at 37 °C
and 5% COz. (A-E) Lipid A profiles determined by FLAT. F. Liver of an infected hamster. G. Ion
images of a lipid A ion (m/z 1748.26 = 10 ppm),as acquired in hamster liver tissue. Hamsters were
infected with 103 Leptospira, and sacrificed at days 1, 2, 3 and 4 (n = 4 per group; one hamster did
not survive the challenge). Negative controls were infected with EMJH medium only and
sacrificed at day four post-injection (n = 4). Data normalized to the total ion count, 100% on the
color scale corresponds to 99% quantile. (F-G) Data collected by mass spectrometry imaging at
50 pm spatial resolution. All data acquired in the negative ion mode on a timsTOF flex MALDI-2

instrument (Bruker).
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S4 Fig. Comparison of Lipid A profiles of L. interrogans serovar Manilae strain L.495 and
serovar Copenhageni strain Fiocruz L.1-130 in different growth conditions. Strains L495 (M)
and Fiocruz L1-130 (C) were cultured in HAN and EMEM and lipid A profile was analyzed by

mass spectrometry.
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S5 Fig. Mass spectrometry analysis of Leptospira lipid A from infected hamster liver. A. Tandem
mass spectrometry analysis of the m/z 1748.26 lipid A ion. Top panel (purple): lipid A in tissue by
mass spectrometry imaging. Bottom panel (green): lipid A extracted from liver homogenates. B—
C. Lipid A signal in liver extracts from hamster four days post-challenged with L. interrogans
serovar Manilae strain L495. Tissue used for extraction correspond to Figure 4G in the main
manuscript (Day 4, tissue section on the bottom and top of the panel; lipid A extraction from the
tissue depicted in the middle was not successful). D. Representative spectrum of liver extracts from
uninfected controls; all negative for presence of the lipid A signal (n = 4). Tissues used for

extraction correspond to Figure 5G in the main manuscript (Negative, Day 4).
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