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Abstract

Pathogenic Leptospira spp. are the causative agents of the waterborne zoonotic disease
leptospirosis. Leptospira are challenged by numerous adverse conditions, including deadly
reactive oxygen species (ROS), when infecting their hosts. Withstanding ROS produced by
the host innate immunity is an important strategy evolved by pathogenic Leptospira for per-
sisting in and colonizing hosts. In L. interrogans, genes encoding defenses against ROS are
repressed by the peroxide stress regulator, PerR. In this study, RNA sequencing was per-
formed to characterize both the L. interrogans response to low and high concentrations of
hydrogen peroxide and the PerR regulon. We showed that Leptospira solicit three main per-
oxidase machineries (catalase, cytochrome C peroxidase and peroxiredoxin) and heme to
detoxify oxidants produced during peroxide stress. In addition, canonical molecular chaper-
ones of the heat shock response and DNA repair proteins from the SOS response were
required for Leptospira recovering from oxidative damage. Identification of the PerR regulon
upon exposure to H>O, allowed to define the contribution of this regulator in the oxidative
stress response. This study has revealed a PerR-independent regulatory network involving
other transcriptional regulators, two-component systems and sigma factors as well as non-
coding RNAs that putatively orchestrate, in concert with PerR, the oxidative stress response.
We have shown that PerR-regulated genes encoding a TonB-dependent transporter and a
two-component system (VicKR) are involved in Leptospira tolerance to superoxide. This
could represent the first defense mechanism against superoxide in L. interrogans, a bacte-
rium lacking canonical superoxide dismutase. Our findings provide an insight into the mecha-
nisms required by pathogenic Leptospira to overcome oxidative damage during infection-
related conditions. This will participate in framing future hypothesis-driven studies to identify
and decipher novel virulence mechanisms in this life-threatening pathogen.
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Author summary

Leptospirosis is a zoonotic infectious disease responsible for over one million of severe
cases and 60 000 fatalities annually worldwide. This neglected and emerging disease has a
worldwide distribution, but it mostly affects populations from developing countries in
sub-tropical areas. The causative agents of leptospirosis are pathogenic bacterial Leptos-
pira spp. There is a considerable deficit in our knowledge of these atypical bacteria,
including their virulence mechanisms. During infection, Leptospira are confronted with
the deadly oxidants produced by the host tissues and immune response. Here, we have
identified the leptospiral factors necessary for overcoming infection-related oxidative
stress. We found that Leptospira solicit peroxidases to detoxify oxidants as well as chaper-
ones of the heat shock response and DNA repair proteins of the SOS response to recover
from oxidative damage. Moreover, our study indicates that the oxidative stress response is
orchestrated by a regulatory network involving PerR and other transcriptional regulators,
sigma factors, two component systems, and putative non-coding RNAs. These findings
provide insights into the mechanisms required by pathogenic Leptospira to tolerate infec-
tion-related oxidants and could help identifying novel virulence factors and developing
new therapeutic targets.

Introduction

In order to invade a host and establish persistent colonization, pathogens have evolved a vari-
ety of strategies to resist, circumvent, or counteract host defenses. Pathogens synthesize
enzymes or molecules to eliminate host-produced bactericidal compounds, secrete effectors
inhibiting or subverting the host innate immunity, or form biofilms enabling resistance to
host defenses.

The strategies used by pathogenic Leptospira for successful host colonization and virulence
are not fully understood. These aerobic Gram-negative bacteria of the spirochetal phylum are
the causative agents of leptospirosis, a widespread zoonosis [1]. Although recognized as a
health threat among impoverished populations in developing countries and tropical areas [2],
reported cases of leptospirosis are also on the rise in developed countries under temperate cli-
mates [3]. Rodents are the main reservoir for leptospires as the bacteria asymptomatically colo-
nize the proximal renal tubules of these mammals. Infected animals shed bacteria in the
environment by their urine and leptospires are transmitted to other animals and humans
mostly by exposure to contaminated soils and water. Leptospira penetrate mucous membranes
or abraded skin, enter the bloodstream and rapidly disseminate to multiple tissues and organs
including kidney, liver and lungs. Clinical manifestations range from a mild flu-like febrile
state to more severe and fatal cases leading to hemorrhages and multiple organ failure. The
lack of efficient tools and techniques for genetic manipulation of Leptospira spp. and their fas-
tidious growth in laboratory conditions have greatly hampered and limited our understanding
of their mechanisms of pathogenicity and virulence [4,5].

As part of the host innate immunity response, reactive oxygen species (ROS), i.e. superoxide
anion (*O,"), hydrogen peroxide, (H,0,), hydroxyl radicals ("OH), hypochlorous acid (HOCI),
and nitric oxide anion ("NO) are produced upon infection by Leptospira. Indeed, the internali-
zation of pathogenic Leptospira by macrophages and concomitant production of these oxi-
dants have been demonstrated in vitro [6], and leptospirosis-associated oxidative stress has
been observed in leptospirosis patients [7] and infected animals [8]. Consistent with these
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findings was the demonstration that catalase, which catalyzes the degradation of H,O,, is
required for Leptospira interrogans virulence [9].

Pathogenic Leptospira spp. are among the rare examples of Gram-negative bacteria in
which defenses against peroxide stress, such as catalase, are controlled by a peroxide stress reg-
ulator (PerR) and not by OxyR [10]. PerR is a peroxide-sensing transcriptional repressor that
belongs to the Fur (Ferric uptake regulator) family of regulators, mostly present in Gram-posi-
tive bacteria [11]. The B. subtilis PerR is in a DNA-binding prone conformation in the pres-
ence of a regulatory metal (Fe®*) [12]. Upon oxidation by H,0,, PerR releases its regulatory
metal and switches to a conformation that cannot bind DNA, leading to the alleviation of gene
repression [13,14].

We have conducted a structural and functional characterization of PerR in L. interrogans
and showed that Leptospira PerR exhibits the typical metal-induced conformational switch
controlling DNA binding and release [15]. Our findings indicated that not only does Leptos-
pira PerR repress defenses against H,0O,, but a perR mutant also had a decreased fitness in
other host-related stress conditions including in the presence of superoxide [15]. Interestingly,
it was shown that perR is up-regulated when Leptospira are exposed in vitro to hydrogen per-
oxide [15] as well as when Leptospira are cultivated in vivo using Dialysis Membrane Cham-
bers (DMCs) in rats [16], which strongly suggests a role of PerR in the adaptation of
pathogenic Leptospira to a mammalian host.

In order to identify the mechanisms solicited by pathogenic Leptospira to adapt to oxidative
stress, we determined the global transcriptional response of L. interrogans to H,O, and
assessed the role of PerR in this response. This has revealed the leptospiral factors constituting
the first-line of defense against the ROS that Leptospira might encounter when infecting a
mammalian host. In addition, our study has identified repair mechanisms allowing leptospires
to recover from oxidative damage. Putative regulatory non-coding RNAs were also pin-
pointed, indicating the complexity of the regulatory network controlling the response to per-
oxide. We have also identified novel PerR-regulated factors involved in Leptospira survival in
the presence of superoxide and assessed their role in Leptospira virulence.

Results

Leptospira transcriptional response to a sublethal concentration of
hydrogen peroxide

In order to characterize the transcriptional response of pathogenic Leptospira to hydrogen per-
oxide, we exposed exponentially growing L. interrogans cells to a sublethal concentration of
this oxidant. A 30 min treatment with 10 uM H,O, (in the presence of iron) was chosen during
pilot experiments as having no significant effect on Leptospira viability and growth during
logarithmic phase while increasing expression of H,0,-responsive genes such as perR [15].
RNA-Seq (RNA sequencing) was performed to assess RNA abundance and comparison with
untreated cells identified a total of 21 genes with differential transcript abundance (see S1
Table for complete data set). Among those, only 13 and 1 genes were respectively up- and
down-regulated by at least two-fold with p-values <0.05 (See Table 1).

Under a low concentration of H,O,, LIMLP_10145, encoding a catalase, and LIMLP_02795
and LIMLP_05955, coding respectively for a cytochrome C peroxidase and for a peroxire-
doxin, were up-regulated with a Log,FC (Log, Fold Change) of 1.79, 4.76 and 3.14
respectively.

The catalase encoded by LIMLP_10145 (katE) is a monofunctional heme-containing
hydroperoxidase, whose catalase activity and periplasmic localization were experimentally
demonstrated in pathogenic Leptospira [9,18,19]. The immediate upstream ORF
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Table 1. Differentially expressed genes upon exposure to sublethal dose of H,O,.

ORF ID?
Up-regulated genes
LIMLP_02795 (LIC12927/LA0666) ccp
LIMLP_05955 (LIC11219/LA2809) ahpC
LIMLP_05960 (LIC11220/LA2808) sufB

Gene

LIMLP_10145 (LIC12032/LA1859) katE
LIMLP_10150 (LIC12033/LA1858)
LIMLP_10155 (LIC12034/LA1857) perR
LIMLP_17840 (LIC20008/LB010) hemA
LIMLP_17845 (LIC20009/ LB011) hemC/D
LIMLP_17850 (LIC20010/ LB012) hemB
LIMLP_17855 (LIC20011/ LB013) hemL
LIMLP_17860 (LIC20012/ LB014)
LIMLP_17865 (LIC20013/ LB015)
LIMLP_17870 (LIC20014/ LB016) hemE

Down-regulated genes
LIMLP_18600 (LIC20149/ LB187)

o

Function COGs Log,FC | Adjusted p-value | FC (RT-qPCR)*
Cytochrome C peroxidase P 4.764" 5.31e-43 38.900
Peroxiredoxin/alkylperoxiredoxin reductase O 3.145" 3.63e-20 11.742
Fe-S cluster assembly protein (0] 1.056" 1.60e-08 1.880
Catalase P 1.786 2.11e-08 3.477
Ankyrin repeat-containing protein S 2.051* 2.30e-11 4.183
Regulator Fur familly T 2.319* 1.02e-39 6.827
Glutamyl-tRNA reductase H 1.771* 1.16e-10 3.389
Porphobilinogen deaminase H 1.617* 6.57e-13 2.328
Delta-aminolevulinic acid dehydratase H 1.455* 2.65¢-14 2.064
Glutamate-1 semialdehyde aminotransferase H 1.262* 1.19e-07 2.193
Signal transduction histidine kinase T 1.035* 2.67¢-03 2.470
Response regulator CheY K 1.166* 1.01e-03 2.012
Uroporphyrinogen decarboxylase H 1.033* 1.77e-02 2.059
Permease of the Major facilitator superfamily | P -1.001 1.17e-04 0.894

Significantly up-and down-regulated genes upon a 30 min exposure to 10 uM H,O, with a Log,FC cutoff of + 1 and an adjusted p-value cutoff of 0.05.

* Gene numeration is according to Satou et al. [17]. Corresponding genes of L. interrogans serovar lai strain 56601 and serovar Copenhageni strain Fiocruz L1-130 are

indicated in parenthesis.

® The COG functional categories are H, coenzyme transport and metabolism; K, transcription; O, posttranslational modification, protein turnover, chaperones; P,

inorganic ion transport and metabolism; S, function unknown; T, signal transduction and metabolism.

¢ Fold change in gene expression upon a 30 min exposure to 10 pM H,O, obtained by RT-qPCR experiments.

* Genes significantly up-and down-regulated by Volcano analysis (Log,FC cutoff of 1 and p-value cutoff of 0.05 as seen in Fig 1A).

https://doi.org/10.1371/journal.ppat.1008904.t001

(LIMLP_10150), encoding an ankyrin repeat-containing protein, was also up-regulated with a
comparable fold value. In bacteria such as Pseudomonas aeruginosa and Campylobacter jejuni,
a protein with ankyrin repeats were found to be required for catalase activity, probably by
allowing heme binding [20,21]. In L. interrogans, katE and ank were organized as an operon
(S1 Fig) and significant up-regulation of the ank-katE operon upon exposure to sublethal dose
of H,0, was confirmed by RT-qPCR (Table 1 and S1 Fig).

The significantly up-regulated ahpC gene (LIMLP_05955) encodes a peroxiredoxin that
reduces H,O, and tert-Butyl hydroxyperoxide [22]. The SufB-encoding LIMLP_05960 located
in the vicinity of ahpC was also up-regulated with a 2-fold. SufB encodes a polypeptide
involved in Fe-S cluster assembly proteins. In bacteria such as Escherichia coli, SufB is part of a
complex composed of SufB, SufD and the SufC ATPase. SufB is normally found in an operon
with sufC and sufD as well as with the other factors of the Suf machinery, i. e. sufE and sufS. L.
interrogans genome contains a putative suf cluster (LIMLP_14560-14580 ORFs) and SufE
(encoded by LIMLP_05090) but none of the other suf ORFs were significantly regulated by
sublethal dose of H,O,. The SufB-encoding LIMLP_05960 shares 40% and 47% identity with
SufB from E. coli and B. subtilis, respectively, and most importantly it does contain the critical
cysteine residue suggesting that the isolated LIMLP_05960 encodes a bona fide SufB participat-
ing in the SufBC,D complex of Fe-S cluster biogenesis. A function or cooperation of SufB with
AhpC in H,0, detoxification remains to be demonstrated.

LIMLP_02795 was another peroxidase-encoding ORF that was greatly up-regulated in the
presence of H,O,. LIMLP_02795 encodes a putative Cytochrome C Peroxidase (CCP) that cat-
alyzes the reduction of H,0, into H,O using the ferrocytochrome as an electron donor. In
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several L. interrogans genomes, this ORF is annotated as a MauG, a class of Cytochrome C Per-
oxidase that catalyzes the oxidation of methylamine dehydrogenase (MADH) into tryptophan
tryptophylquinone (TTQ) in the methylamine metabolism pathway. LIMLP_02795 exhibits
two heme domains with the conventional heme binding motif CXXCH that exists in both
CCP and MauG proteins, but it lacks the tyrosine axial ligand for heme (Tyr294 in Paracoccus
denitrificans, [23]) that is conserved in all MauGs but replaced by a methionine or histidine
residue in CCPs. Therefore, it is very likely that LIMLP_02795 encodes a CCP with a peroxi-
dase activity that is not involved in the methylamine metabolism pathway.

In addition to these three peroxidases, whose increased expression was confirmed by RT-
qPCR (Table 1 and S1 and S2 Figs), several ORFs encoding components of heme biosynthesis
(LIMLP_17840-17865) were up-regulated by 2 to 3.4-fold (Table 1). Leptospira, unlike other
spirochetes, possess a complete heme biosynthesis functional pathway [24]. The ORFs encod-
ing the glutamyl-tRNA reductase (hemA), porphobilinogen deaminase (hemC/D), delta-ami-
nolevulinic acid dehydratase (hemB), glutamate-1 semialdehyde aminotransferase (hemlL),
uroporphyrinogen-III decarboxylase (hemE), coproporphyrinogen-III oxidase (hemN/F), as
well as a two-component system (TCS) (LIMLP_17860 and LIMLP_17865) were organized as
an operon (S3 Fig). RT-qPCR confirmed the significance of the up-regulation of hemA, hemC/
D, hemL, and of the LIMLP_17860-encoded histidine kinase of the TCS (Table 1 and S3 Fig).

When pathogenic Leptospira cells are exposed to 10 uM H,0,, the only ORF that was
down-regulated was that encoding a permease (LIMLP_18600; with a Log,FC of -1). This per-
mease is a putative Major Facilitator Superfamily (MFS) transporter and is predicted to con-
tain 12 transmembrane helixes. This permease-encoding ORF is the second gene of a
bicistronic operon where a heme oxygenase-encoding ORF (LIMLP_18595) is the first (S4
Fig). Expression of the heme oxygenase ORF was not significantly changed by the exposure to
10 uM H,0, (54 Fig and S1 Table).

Plotting statistical significance in function of fold change confirmed that katE, ccp, ahpC,
perR, and several genes of the heme biosynthesis pathway were among the genes the expression
of which was significantly up-regulated (Fig 1A).

Notably, after a 2-hour exposure of L. interrogans to 10 uM H,O,, the expression of the per-
oxidases and heme biosynthesis genes returns to a level closer to that observed in the absence
of H,0, (S1-54 Figs). Altogether, these data indicate that pathogenic Leptospira respond to a
sublethal dose of H,0, by soliciting three peroxidases and heme, and that the up-regulated
peroxidase and catalase activities are probably sufficient to degrade H,0, and allow survival of
Leptospira in the conditions tested in this study.

Leptospira transcriptional response to lethal concentration of hydrogen
peroxide

In order to better reproduce harmful oxidative stress encountered during infection, we per-
formed similar RNA-Seq experiments upon 1-hour exposure to 1 mM H,0,. In this condition,
Leptospira survival was 60% + 2.735 as assessed by plating on EMJH agar plates. Comparison
with untreated cells identified a total of 2145 genes with differential transcript abundance (see
S2 Table for complete data set). Among those, 243 and 296 genes were respectively up- and
down-regulated by >2.0 fold with p-values <0.05. The volcano representation exhibited more
scattered data points (Fig 1B), bearing witness to a higher number of genes with significantly
and statistically changed expression than when Leptospira are exposed to sublethal dose of
H.,0, (Fig 1A).

Differentially expressed genes were classified into COG functional categories and the
obtained COG frequencies were compared to the frequency of the genes in the genome. As
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Fig 1. Volcano representation of differentially-expressed genes upon exposure to hydrogen peroxide. Up- and
down-regulated genes upon a 30 min exposure to 10 uM H,O, (A) or 1 hour exposure to 1 mM H,O, (B) were
graphically represented by a Volcano analysis. Red and blue dots indicate up- and down-regulated genes, respectively,
with significant change in expression with a Log,FC cutoff of +1 and p-value<0.05. Representative genes are labeled.

https://doi.org/10.1371/journal.ppat.1008904.g001

seen in Fig 2, the up-regulated genes were enriched in the post-translational modification, pro-
tein turnover, and chaperones categories whereas down-regulated genes mainly fell into
metabolism, translation and ribosomal structure and biogenesis, coenzyme transport and
metabolism, and energy production and conversion categories.

As in the presence of low dose of H,O,, the ank-katE operon (LIMLP_10150-10145), ccp
(LIMLP_02795) and ahpC (LIMLP_05955) were up-regulated in the presence of 1 mM H,0,
but with higher fold changes (with Log,FC values of 2.7, 5.8 and 4, respectively, see Fig 3 and
S3 Table). The ORF upstream ahpC that encodes a SufB (LIMLP_05960) was also significantly
up-regulated (with a with Log,FC value of 2.2). Likewise, perR expression was greater in the
presence of 1 mM H,0, (with Log,FC value of 3.5, see Fig 3 and S3 Table). All these up-regula-
tions were confirmed by RT-qPCR experiments (S3 Table).

Additional ORFs encoding factors related to oxidative stress and redox maintenance were
also up-regulated (Fig 3 and S2 and S3 Tables). An ORF encoding a thiol oxidoreductase
(LIMLP_07145) exhibiting two cytochrome C-like (heme binding) domains was up-regulated
with a Log,FC value of 2.2. LIMLP_07145 was located immediately downstream an ORF
(LIMLP_07150) encoding a protein with five chromosome condensation regulator (RCC1)
domains that was up-regulated with a Log,FC value of about 5. LIMLP_07145-07150 are prob-
ably organized as a bicistronic operon as predicted in Zhukova et al. [25]. A second thiol per-
oxidase-encoding ORF (LIMLP_14175) exhibiting a single cytochrome C-like domain was
also up-regulated (Log,FC value of 1.8). This ORF might be part of the operon LIMLP_14170-
14180 where LIMLP_14170 and LIMP_14180, two ORFs annotated as Imelysins (iron-regu-
lated proteins), were also up-regulated (Log,FC value of 2.8 and 1.4, respectively). Of note, the
Imelysin encoded by LIMLP_14170 is the LruB protein that was shown to be associated with
Leptospira-induced uveitis [26].

A thioredoxin disulfide reductase (encoded by LIMLP_07165) was up-regulated (Log,FC
value of 1.9, see Fig 3 and S3 Table). This protein has been shown to catalyze in vitro the
NADPH-dependent reduction of a thioredoxin encoded by LIMLP_09870 [27]. The
LIMLP_09870 was only slightly up-regulated in the presence of 1 mM H,O, (Log,FC value of
0.8, see S2 Table).

Other thiol peroxidase-encoding ORFs were up-regulated, including LIMLP_08985 that
encodes a glutaredoxin, LIMLP_11965 that codes for the periplasmic thiol disulfide inter-
change protein DsbD, and LIMLP_18310 that encodes a bacterioferritin comigratory protein
(Bcp) (See Fig 3 and S3 Table). An ORF encoding a putative Glutathione S transferase
(LIMLP_13670) had an increased expression in the presence of 1 mM H,0, (Log,FC value of
1.76), as did an ORF annotated as DNA binding stress protein (Dps) (Log,FC value of 1.09)
(See Fig 3 and S3 Table).

Major pathways involved in repair of damaged cellular components were dramatically up-
regulated when Leptospira were exposed to a lethal dose of H,O,. Indeed, several genes encod-
ing molecular chaperones had an increased expression in the presence of 1 mM H,0, (Fig 3
and S3 Table). Two ORFs encoding small heat shock proteins (sHSP), probably organized as a
bicistronic operon (LIMLP_10970-10975), exhibited a significant increase in expression
(Log,FC values of about 6). The LIMLP_15105-15120 cluster encoding the DnaK/DnaJ/GrpE
molecular chaperone machinery and its putative repressor HrcA, was significantly up-regu-
lated with Log,FC values of 2.6-3.6. Similarly, the GroES-GroEL operon (encoded by
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Fig 2. Classification of differentially-expressed genes upon exposure to lethal dose of hydrogen peroxide. ORFs with significantly
changed expression when L. interrogans were exposed to 1 mM H,O, for 1h were classified according to the COG (Clusters of Orthologous
Groups). A Log,FC cutoff of +1 were applied for the up-regulated (A) and down-regulated (B) ORFs, respectively, with an adjusted p-
value<0.005. An odd-ratio higher or lower than 1 (dashed line) indicates an over- or under-representation of a functional category,
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LIMLP_06545-06540) was up-regulated with a Log,FC value of 3.3. The clpB gene
(LIMLP_10060) also had an increased expression (Log,FC value of 2.1). Thus, the machinery
necessary for preventing protein aggregation and promoting protein refolding is solicited
when Leptospira are exposed to high doses of H,O,.

Genes encoding several components of the SOS response, a regulatory network stimulated
by DNA damage-inducing stress, had a higher expression in the presence of 1 mM H,0, (Fig
3 and S3 Table). Indeed, ORFs encoding the recombinase A (recA, LIMLP_08665), the DNA
repair protein RecN (LIMLP_07915), the DNA polymerase IV (dinP, LIMLP_02170) as well as
the repressor of the SOS response LexA1 (LIMLP_11440) were significantly up-regulated.
Other factors putatively involved in DNA repair but not under the control of LexA1l [28,29]
had also an increased expression, including the DNA mismatch repair protein MutS
(LIMLP_07780, Log,FC value of 1) and the DNA repair protein RadC (LIMLP_11400, Log,FC
value of 3.4).

One remarkably up-regulated ORF (LIMLP_00895) was located into a genomic region pre-
viously identified as an island enriched in prophage genes ranging from LIMLP_00855 to
LIMLP_01005 and referred to as prophage 1 [29,30] (S3 Table). Also, another cluster enriched
in prophage genes (from LIMLP_13010 to LIMLP_13095), referred to as prophage 2 [29], con-
tains 4 ORFs (LIMLP_13010, LIMLP_13015, LIMLP_13020, and LIMLP_13025) that were up-
regulated in the presence of 1 mM H,0, (S3 Table).

Down-regulated genes were mainly genes putatively involved in translation and metabolism
(Fig 2B and S4 Table). 14 ORFs encoding ribosomal proteins, a translation initiation factor
(LIMLP_03190), a ribosome maturation factor (LIMLP_07600), a RNA polymerase RpoA
(LIMLP_03215), and a transcription termination factor RhoA (LIMLP_13190) were among them.

A cluster of genes encoding the ATP synthase complex (LIMLP_06050-06080) was down-
regulated, indicating that Leptospira decrease ATP synthesis upon exposure to high dose of
H,0, (54 Table). Another metabolic pathway that was down-regulated in this condition was
the cobalamin (vitamin B12) biosynthesis pathway. Indeed, 15 out 17 genes of the cobI/III
cluster (LIMLP_18460-18530) were significantly down-regulated (54 Table).

A cluster of four genes encoding proteins of the CRISPR-Cas machinery (csh2,
LIMLP_2870; cas8, LIMLP_2875; cas5, LIMLP_2880; cas3, LIMLP_2880) putatively involved
in phage defense were down-regulated (see S4 Table).

Finally, several genes related to motility/chemotaxis were down-regulated when Leptospira
are exposed to a high dose of H,O,. Several of these genes encode constituents of the endofla-
gellum basal body (flgGAHIJ, LIMLP_06485-06505), of the flagellar export apparatus
(fliOPQR-FIhBA, LIMLP_06690-06715; fliL, LIMLP_14615 and LIMLP_14620), and of the fla-
gellar motor stator (motAB, LIMLP14625-14630), and chemotaxis-related proteins (cheBDW-
mcp, LIMLP_07420-07435) (see S2 Table).

Contribution of PerR in the pathogenic Leptospira response to peroxide
stress

Comparison of the transcriptome of a perR mutant with that of WT strain allowed determina-
tion of the PerR regulon in L. interrogans. In the perR mutant, 5 and 12 ORFs were up- and
down-regulated, respectively, with a log,FC cutoff of 1 and a p-value below 0.05 (Table 2 and
S1 Table).
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Table 2. Differentially expressed genes upon perR inactivation.

ORF ID*

Down-regulated genes

LIMLP_04090 (LIC12679/LA0980)
LIMLP_04240 (LIC10889/LA3247)
LIMLP_04245 (LIC10890/LA3246)
LIMLP_04250 (LIC10891/LA3245)
LIMLP_04255 (LIC10892/LA3244)
LIMLP_04260 (LIC10893/LA3243)
LIMLP_04270 (LIC10895-96/LA3242)
LIMLP_04275 (LIC10897/LA3241)
LIMLP_04280 (LIC10898/LA3240
LIMLP_09650 (LIC11935/LA1968
LIMLP_15470 (LIC10454/LA3793
LIMLP_16720 (LIC13269/LA4102
Up-regulated genes
LIMLP_02010 (LIC13086/LA3867)**
LIMLP_02795 (LIC12927/LA0666)*
LIMLP_05955 (LIC11219/LA2809)*
LIMLP_10145 (LIC12032/LA1859)*
LIMLP_10150 (LIC12033/LA1858)*

%

)
)
)
)

Gene

thic
tonb
exbD
exbD
exbB

lipl48

vicR

ccp
ahpC
katE

Function Log,FC Adjusted p-value FC (RT-qPCR)"
Thiamine biosynthesis protein -2.073 3.72e-02

Energy transducer TonB -4.601 2.03e-13 0.00722
Biopolymer transport protein ExbD/TolR -4.606 7.90e-13 0.00737
Biopolymer transport protein ExbD/TolR -5.355 4.93e-15 0.00128
Biopolymer transport protein ExbB/TolQ -5.478 3.00e-22 0.00193
Hypothetical -1.519 4.27e-02 1.261
TonB-dependent receptor -3.262 2.32e-05 0.0355
Hypothetical -3.888 4.42¢-05 0.00918
Hypothetical -5.506 2.03e-13 0.00372
Hypothetical -1.787 3.26e-02

Putative hemolysin -2.154 3.32e-12 0.3041
Response regulator -1.611 5.80e-07 0.0752
Hypothetical lipoprotein 1.029 4.08e-02

Cytochrome C peroxidase 2.773 8.6%¢-18 7.943
Peroxiredoxin/alkylperoxiredoxin reductase 1.539 1.23e-05 2.01
Catalase 2.637 2.59e-24 4.897
Ankyrin repeat-containing protein 2.867 4.65e-29 5.783

Significantly up-and down-regulated genes in the perR mutant with a Log,FC cutoff of + 1 and an adjusted p-value cutoff of 0.05.

* Gene numeration is according to Satou et al. [17]. Corresponding genes of L. interrogans serovar lai strain 56601 and serovar Copenhageni strain Fiocruz L1-130 are

indicated in parenthesis.

® Fold change in gene expression upon perR inactivation obtained by RT-qPCR experiments.

* ORFs significantly up-regulated upon exposure to H,O, (Log,FC cutoff of -1, adjusted p-value cutoff of 0.05).

** ORFs significantly down-regulated upon exposure to H,O, (Log,FC cutoff of -1, adjusted p-value cutoff of 0.05).

https://doi.org/10.1371/journal.ppat.1008904.t002

The ank-katE operon, encoded by LIMLP_10150-10145, ahpC, encoded by LIMLP_05955,
and ccp, encoded by LIMLP_02795, were up-regulated upon perR inactivation. KatE, ahpC
and ccp up-regulation is consistent with the high resistance of the perR mutant to H,O, con-
centrations that are otherwise lethal for the WT strain [10,15]. ChIP-PCR experiments showed
that when Leptospira were cultivated in EMJH medium, PerR was bound to DNA fragments
comprising the 25 to 191 bp upstream region to the ank-katE operon (Fig 4A). Lower non-sig-
nificant PerR binding was detected inside the ank-katE operon (S5 Fig). This is consistent with
a direct repression of the ank-katE operon by PerR. Significant PerR binding was observed
from 150 to 350 bp upstream the LIMLP_02790, the ORF located immediately upstream the
ccp ORF (Fig 4B and S5 Fig). ChIP experiments also showed a rather weak binding upstream
the ahpC ORF (-298 to -123 region) (S5 Fig).

Identification of the PerR regulon has allowed the identification of genes whose expression
is activated directly or indirectly by PerR (Table 2). A cluster composed of genes encoding a
TonB-dependent transport (TBDT) system (LIMLP_04240-04255, encoding TonB, two
ExbDs and ExbB, respectively) was dramatically down-regulated in the perR mutant. The
downstream TonB-dependent receptor- and LipL48-encoding ORFs were also down-regu-
lated upon perR inactivation. LIMLP_04240 (tonB), LIMLP_04245 (exbD), and LIMLP_04250
(exbD) were organized as an operon and LIMLP_04270 (encoding the TonB-dependent recep-
tor), LIMLP_04275, LIMLP_04280 (lipl48) and LIMLP_04285 constituted another operon (S6
Fig). ChIP-PCR assays indicated that a region upstream the LIMLP_04285-04270 operon
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Fig 4. In vivo interaction between PerR and promoter regions of PerR-controlled genes. Chromatin immunoprecipitation was performed on L. interrogans
WT and perR (M776) mutant strains in the presence or absence of the anti-PerR antibody as described in the Material and Methods section. Co-
immunoprecipitated DNA fragments located in the ank-katE operon locus (A), in the ccp locus (B) and in the locus encoding a TonB-dependent transport
system (C) were amplified by gPCR. The location of amplified fragments is indicated below the schematic representation of their respective locus. ORF location
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represented as fold enrichments and are means and SD of two independent biological replicates (****, adjusted p-value<0.0001; ***, adjusted p-value of 0.0006;
*, adjusted p-value of 0.0422).

https://doi.org/10.1371/journal.ppat.1008904.9004

(mapped from 436 to 617 bp) was significantly bound by PerR (Fig 4C) whereas lower binding
was detected upstream the LIMLP_04265 ORF and within the LIMLP_04245 (S7 Fig). A bicis-
tronic operon composed of the response regulator VicR (LIMLP_16720) and the histidine
kinase VicK (LIMLP_16725) of a two-component system (S8 Fig) was also down-regulated
(with a Log,FC of -1.61 and -0.91, respectively) (Table 2 and S1 Table).

Interestingly, among the PerR regulon, several genes whose expression is repressed by PerR
were up-regulated when Leptospira were exposed to H,O,. Indeed, the expression of the ank-
katE operon, ahpC and ccp were up-regulated in the perR mutant and in the presence of H,0,
whereas the expression of the ORFs encoding TonB, ExbD, ExbB, the TonB-dependent recep-
tor, LipL48, VicK and VicR was not dramatically or significantly altered by the presence of
H,0,.

In order to determine the exact contribution of PerR in the gene expression increase upon
exposure to H,0, in Leptospira, the transcriptome of the perR mutant exposed to a sublethal
dose of H,O, was also obtained (see S1 Table for a complete set of data). The ank-katE operon,
whose expression is directly repressed by PerR and increased in the presence of H,O, in WT
Leptospira, was not up-regulated in the presence of H,O, when perR was inactivated (Fig 5
and S1 Table). The amount of ank-katE operon expression in the perR mutant is in fact com-
parable to that in WT Leptospira exposed to a deadly dose of H,O,. This indicates that dere-
pression of the ank-katE operon induced by the presence of H,O, probably solely reflects
PerR dissociation from DNA when PerR is oxidized. AhpC and ccp were still significantly up-
regulated in the presence of H,0, in the perR mutant (with Log,FC values of 2.30 and 1.88,
respectively, see Fig 5 and S1 Table). Therefore, an H,0O,-induced mechanism increases the
expression of these two genes even in the absence of PerR, even though their expression is
repressed by this regulator.
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Fig 5. Comparison of differentially-expressed genes upon exposure to hydrogen peroxide and perR inactivation.
The expression of selected differentially-expressed genes determined by RNA-Seq when WT L. interrogans are exposed
30 min to 10 uM H,0O, was compared to that in the perR (M776) mutant in the absence or presence of 10 uM H,0,.
Gene expression in the perR mutant strain with H,O, was normalized here with that of the perR mutant strain without
H,0,. Genes are organized by their function and their number and name are indicated on the right. The Heat Map
color from blue to red indicates low to high Log,FC.

https://doi.org/10.1371/journal.ppat.1008904.9005

The expression of heme biosynthesis genes was not under the control of PerR and, as
expected, their expression was still up-regulated in the perR mutant in the presence of H,O,
(Fig 5 and S1 Table).

Altogether, these findings indicate that not all H,0,-regulated genes belong to the PerR reg-
ulon in pathogenic Leptospira and several PerR-regulated genes were not regulated by H,O,
(Fig 5).

Identification of differentially expressed non-coding RNAs in the presence
of hydrogen peroxide

In order to identify non-coding RNAs (ncRNAs) whose expression is changed in the presence
of hydrogen peroxide, non-coding genome regions of RNA-Seq data were also analyzed.
When Leptospira were exposed to 10 uM H,O, for 30 min, only 19 ncRNAs were differentially
expressed (see S5 Table and S6 Table for the complete set of data). The most highly up-regu-
lated ncRNAs were rh859, rh3130 and rh3999 (S5 Table). When Leptospira were exposed to a
lethal dose of hydrogen peroxide (1 mM H,O, for 1h), a higher number of differentially
expressed ncRNAs was detected. Indeed, 416 and 102 ncRNAs were up- and down-regulated,
respectively (S6 Table). 63 ncRNAs were up-regulated with a Log,FC above 1. Rh3130 and
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rh3352 were the two most highly up-regulated ncRNAs with Log,FC above 7 and rh288 was
up-regulated with a Log,FC of 3.81 (Table 3). 53 ncRNAs were down-regulated with a Log,FC
below -1. Rh967 was among the most highly down-regulated ncRNAs with a Log,FC of -2.66.

Several of the ncRNAS whose expression was up- or down-regulated in the presence of
hydrogen peroxide were located in the vicinity or overlapped ORFs that were also up- or
down-regulated in the same conditions. For instance, the rh3130 and rh859, among the most
highly up-regulated ncRNAs, were in the vicinity of Hsp20 and CCP-encoding ORFs
(LIMLP_10970-10975 and LIMLP_02795, respectively), three genes whose expression was
greatly increased in the presence of hydrogen peroxide (Tables 1 and 3 and Fig 3).
LIMLP_05620, LIMLP_13670, and LIMLP_13765 were three up-regulated ORFs upon expo-
sure to hydrogen peroxide that have a downstream ncRNA (rh1641, rh3871, and rh3894,
respectively). The up-regulated rh288 overlapped with the H,O,-induced LIMLP_00895, an
ORF located in the prophage locus 1 (Table 3). This tendency was also observed with down-
regulated ncRNAs. Rh411, rh967, rh1101, rh1102, rh1880, rh3186, and rh4281 ncRNAs were
also located downstream or upstream, or overlapped ORFs whose expression was decreased in
the presence of hydrogen peroxide (Table 3).

Three ncRNAs were noticeably differentially expressed upon perR inactivation. Rh288 and
rh859 were up-regulated and rh1263 (located in the intergenic region upstream the TonB/
ExbD,/ExbB-encoding operon, LIMLP_04255-04240) was significantly down-regulated in the
perR mutant (S5 Table). Interestingly, the ncRNA rh859 was still up-regulated in the perR
mutant upon exposure to H,O, (S5 Table). This indicates that the rh859 up-regulation
induced by the exposure of WT Leptospira to H,O, occurs to some extent independently of
the presence of PerR.

Most of the predicted ncRNAs show little homology with well-characterized RNAs families
of the RFam database (56 Table). However, this study has allowed the identification of a putative
TPP riboswitch (rh1210; RFam 00059), three putative cobalamin riboswitches (rh1913, rh3382,
rh4854; RFam 00174), a putative AsrC (Antisense RNA of rseC) (rh2876; RFam 02746) and a
putative ligA thermometer (rh1488; RFam02815). Only the putative TPP (rh1210) and cobala-
min (rh4854) riboswitches were up-regulated upon Leptospira exposure to H,O,. Further
experiments will be needed to confirm the existence of these putative ncRNAs and establish
their function in Leptospira physiology and virulence. Genetic manipulation of pathogenic Lep-
tospira is still a challenge and functional studies in these bacteria mainly relies on random trans-
poson insertion. Our laboratory has constructed a transposon mutant library [31], however no
mutant in the putative ncRNAs is yet available in our random transposon mutant library.

Altogether, these findings indicate that exposure of Leptospira to 1 mM H,0, triggers a
drastic change in the expression of putative ncRNAs that correlates with dramatic changes in
coding sequence expression.

Role of the PerR-regulated genes in defenses against ROS and virulence in
Leptospira
RNA-Seq experiments have allowed the identification of differentially expressed ORFs in the
presence of peroxide and upon perR inactivation. These ORFs might encode factors required
for the adaptation of pathogenic Leptospira to ROS and an important question is to experi-
mentally establish and understand the role of these factors in this adaptation. Several mutants
inactivated in differentially-expressed ORFs upon exposure to H,O, or upon perR inactivation
were available in our transposon mutant library.

Catalase, AhpC, and CCP were the peroxidases up-regulated in the presence of H,0, and
repressed by PerR. Only katE and ahpC mutants were available in the transposon mutant

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008904  October 6, 2020 14/34


https://doi.org/10.1371/journal.ppat.1008904

PLOS PATHOGENS

Adaptation of pathogenic Leptospira to oxidative stress

Table 3. Differentially expressed ncRNAs upon exposure to lethal dose of H,0,.

NCRNA chromosome | Log,Fc | Adjusted p- Start-End Overlapping ORF* Upstream ORF* Downstream perR
value ORF* mutant”
Up-regulated
rh34 NZ_CP011933.1 | 1.218 | 1.23e-30 18632-19081 | LIMLP_19345 LEPIMA _p0012 | LIMLP_19350
rh36 NZ_CP011933.1 | 1.368 | 4.02e-37 20723-21129 | NA LIMLP_19355 LIMLP_19360
rh47 NZ_CP011931.1 | 1.150 | 2.80e-57 37221-37455 | NA LIMLP_00160 LIMLP_00165
rh49 NZ_CP011932.1 | 1.013 | 2.50e-47 39710-39825 | LEPIMA_CII0041 LIMLP_18000 LIMLP_18005
rh57° NZ_CP011933.1 | 1.629 1.95e-69 23941-24050 | LEPIMA _p0025 LIMLP_19380 LIMLP_19385
rh82 NZ_CP011933.1 | 1.362 | 3.50e-37 32192-32351 | NA LIMLP_19435 LEPIMA _p0038
rh97 NZ_CP011932.1 | 1.170 | 3.03e-57 66008-66133 | LIMLP_18130 LIMLP_18125 LEPIMA_CII0073
rh178 NZ_CP011933.1 | 1.195 | 2.92e-22 57959-58185 | NA LEPIMA _p0081 | LIMLP_19600
rh179 NZ_CP011933.1 | 1.082 | 7.04e-14 58957-59117 | LEPIMA _p0083 LIMLP_19600 LIMLP_19605*
rh183 NZ_CP011931.1 | 1.557 | 7.61e-80 128941- NA LIMLP_00580 LIMLP_00585
129006
rh184 NZ_CP011931.1 | 1.228 | 2.09¢e-66 129119~ LIMLP_00585 LIMLP_00580 LIMLP_00595
129450
rh199 NZ_CP011933.1 | 1.009 | 7.80e-24 63659-64935 | LEPIMA_p0089, LIMLP_19625, | LIMLP_19620 LIMLP_19635
LIMLP_19630
rh210 NZ_CP011931.1 | 1.231 | 1.22e-61 158886— NA LIMLP_00700* LIMLP_00705
159090
rh219 NZ_CP011932.1 | 1.337 | 2.22e-97 147192~ LIMLP_18455** LIMLP_18450 LIMLP_18460**
147336
rh288 NZ_CP011931.1 | 3.812 | 0.00 197282- LIMLP_00895* LIMLP_00890 LEPIMA_CI0185 | Up-
197352 regulated
rh349 NZ_CP011932.1 | 1.638 | 1.98e-120 256577 NA LEPIMA_CII0243 | LIMLP_18855
256639
rh402 NZ_CP011932.1 | 1.517 1.31e-92 291497~ LIMLP_18995 LIMLP_18990** LIMLP_19000*
291605
rh449 NZ_CP011931.1 | 2.512 | 0.00 351592 NA LIMLP_01545* LIMLP_01550*
351649
rh488 NZ_CP011932.1 | 1.184 1.11e-48 352594- LIMLP_19275 LIMLP_19270 LIMLP_19280
352673
rh490 NZ_CP011932.1 | 1.277 | 2.18e-49 353695- LIMLP_19280 LIMLP_19275 LIMLP_19285
353790
rh593 NZ_CP011931.1 | 1.362 | 1.44e-43 471763 LIMLP_02010** LIMLP_02005 LEPIMA_CI0422
471828
rh608 NZ_CP011931.1 | 2.476 | 0.00 479394~ LIMLP_02045* LIMLP_02040* LIMLP_02050
479448
rh625 NZ_CP011931.1 | 1.077 | 9.15e-49 499440~ LIMLP_02100 LIMLP_02095 LIMLP_02105*
499814
th637* NZ_CP011931.1 | 1.663 | 2.16e-137 501388- NA LIMLP_02105* LIMLP_02110
501477
rh786 NZ_CP011931.1 | 1.135 | 6.17¢-50 632024~ LIMLP_02580 LIMLP_02575 LIMLP_02585
632186
rh859* NZ_CP011931.1 | 4.248 | 0.00 683752- NA LIMLP_02795* LEPIMA_CI0612 | Up-
684074 regulated
rh1048 NZ_CP011931.1 | 1.059 | 3.63e-43 846807 LIMLP_03520 LIMLP_03515 LIMLP_03525
846960
rh1167 NZ_CP011931.1 | 1.070 | 2.97¢-37 943926- LIMLP_03935 LIMLP_03930 LIMLP_03940
943989
rh1192 NZ_CP011931.1 | 2.197 | 5.78e-214 975150- LIMLP_04030 LIMLP_04025 LIMLP_04035
975213
(Continued)
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Table 3. (Continued)

NCRNA chromosome | Log,Fc | Adjusted p- Start-End Overlapping ORF* Upstream ORF* Downstream perR
value ORF* mutant”
rh1210 NZ_CP011931.1 | 1.236 | 3.67e-37 995004- NA LIMLP_04090 LIMLP_04095**
(RF00059) 995065
rh1269 NZ_CP011931.1 | 2.164 | 2.97e-202 1038822- LIMLP_04290 LIMLP_04285 LIMLP_04295*
1038876
rh1270 NZ_CP011931.1 | 1.491 2.13e-108 1039034~ LIMLP_04295%, LIMLP_04290 LIMLP_04300
1039628 LEPIMA_CI0938
rh1429 NZ_CP011931.1 | 1.720 | 3.15e-90 1181397- LIMLP_04840 LIMLP_04830 LIMLP_04845
1181456
rh1498 NZ_CP011931.1 | 1.288 | 1.08e-46 1260173~ NA LEPIMA_CI1128 | LIMLP_05125*
1260234
rh1641 NZ_CP011931.1 | 2.013 2.50e-145 1386755- LIMLP_05625 LIMLP_05620* LIMLP_05630
1386830
rh1807 NZ_CP011931.1 | 2.928 | 0.00 1531048- LIMLP_06235 LIMLP_06230 LIMLP_06240
1531289
rh2088 NZ_CP011931.1 | 2.000 | 1.66e-149 1780300~ LIMLP_07195 LEPIMA_CI1612 | LIMLP_07200
1780403
rh2227 NZ_CP011931.1 | 3.130 | 0.00 1892070- NA LIMLP_07695 LIMLP_07700
1892135
rh2395 NZ_CP011931.1 | 1.877 | 2.09e-123 2013277- LIMLP_08295 LIMLP_08290 LIMLP_08300
2013341
rh2487 NZ_CP011931.1 | 1.230 | 5.68e-66 2083779~ LIMLP_08585 LEPIMA_CI1903 | LIMLP_08590* Down-
2083898 regulated
rh2961 NZ_CP011931.1 | 1.974 | 8.15e-150 2474618- LIMLP_10350 LIMLP_10345 LIMLP_10355
2474668
rh3130* NZ_CP011931.1 | 7.189 | 0.00 2612368- LEPIMA_CI2416 LIMLP_10975* LEPIMA_CI2417
2612495
rh3147 NZ_CP011931.1 | 1.230 | 8.22e-39 2625684- LIMLP_11030 LIMLP_11025 LEPIMA_CI2429
2625735
rh3352* NZ_CP011931.1 | 7.653 | 0.00 2787780- LIMLP_11710* LIMLP_11705 LIMLP_11715*
2787953
rh3535 NZ_CP011931.1 | 1.016 | 1.77e-49 2958335- NA LIMLP_12420 LIMLP_12425*
2958610
rh3538 NZ_CP011931.1 | 1.000 | 2.78e-21 2958938- LIMLP_12425* LIMLP_12420 LIMLP_12430*
2959002
rh3726 NZ_CP011931.1 | 1.010 | 5.62e-46 3123653- LIMLP_13150 LIMLP_13145* LIMLP_13155
3123980
rh3831 NZ_CP011931.1 | 1.060 | 1.74e-26 3214862- LIMLP_13525 LIMLP_13520 LIMLP_13530
3214919
rh3871 NZ_CP011931.1 | 2.133 | 2.34e-261 3253035- LIMLP_13675 LIMLP_13670* LIMLP_13680
3253139
rh3894 NZ_CP011931.1 | 3.784 | 0.00 3271638- NA LIMLP_13765* LIMLP_13770
3271704
rh4111 NZ_CP011931.1 | 1.340 | 2.82e-76 3446561- LIMLP_14535 LIMLP_14530 LEPIMA_CI3186
3446742
rh4124 NZ_CP011931.1 | 1.233 3.41e-66 3459090- NA LIMLP_14580 LIMLP_14585*
3459232
rh4168 NZ_CP011931.1 | 1.244 | 4.53e-58 3487314- NA LIMLP_14710 LIMLP_14715*
3487435
rh4281 NZ_CP011931.1 | 1.627 | 1.38e-71 3584015- LIMLP_15080"* LIMLP_15075** | LIMLP_15085
3584072
rh4345 NZ_CP011931.1 | 1.765 | 8.56e-126 3664279- LIMLP_15310 LIMLP_15305 LIMLP_15315**
3664343
(Continued)
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Table 3. (Continued)

NCRNA chromosome | Log,Fc | Adjusted p- Start-End Overlapping ORF* Upstream ORF* Downstream perR
value ORF* mutant”

rh4413" NZ_CP011931.1 | 3.507 | 0.00 3721204~ NA LIMLP_15540* LIMLP_15545
3721564

rh4459* NZ_CP011931.1 | 1.059 | 6.95¢-29 3755947~ NA LIMLP_15710 LEPIMA_CI3455
3756010

rh4542 NZ_CP011931.1 | 2.748 | 0.00 3822746- LIMLP_16010 LIMLP_16005 LIMLP_16015*
3823025

rh4545 NZ_CP011931.1 | 1.979 | 1.54e-233 3825144~ NA LIMLP_16015* LIMLP_16025*
3825319

rh4746 NZ_CP011931.1 | 1.222 1.77e-36 3987147- LEPIMA_CI3684 LIMLP_16760 LIMLP_16765*
3987296

rh4747 NZ_CP011931.1 | 1.178 | 9.32e-60 3987366- LEPIMA_CI3684 LIMLP_16760 LIMLP_16765*
3987576

rh4854 NZ_CP011931.1 | 1.023 | 9.20e-41 4078407- NA LIMLP_17135 LIMLP_17140

(RF00174) 4078514

rh5034 NZ_CP011931.1 | 1.628 | 2.24e-72 4229144~ NA LIMLP_17780 LIMLP_17785
4229208

Down-

regulated

rh38 NZ_CP011932.1 | -1.078 | 2.65e-08 32083-32148 | LIMLP_17965 LIMLP_17960 LIMLP_17970

rh81 NZ_CP011931.1 | -1.246 | 3.21e-11 67349-67433 | NA LIMLP_00285 LIMLP_00290

rh278 NZ_CP011932.1 | -1.188 | 8.73e-13 202039- NA LIMLP_18675 LEPIMA_CII0202
202120

rh331 NZ_CP011931.1 | -1.137 | 9.15e-08 245678- NA LIMLP_01140 LEPIMA_CI0236
245742

rh411 NZ_CP011931.1 | -1.854 | 1.53e-65 310470- NA LIMLP_01410** LIMLP_01415**
310529

rh418 NZ_CP011931.1 | -1.395 | 9.73e-15 317250- NA LIMLP_01445 LIMLP_01450
317316

rh429 NZ_CP011932.1 | -1.375 |2.93e-11 311436- NA LIMLP_19090 LIMLP_19095
311731

rh589 NZ_CP011931.1 | -1.000 | 3.55e-07 469227~ NA LIMLP_01995 LIMLP_02000
469400

rh685 NZ_CP011931.1 | -1.613 | 1.73e-40 541558 NA LEPIMA_CI0489 | LIMLP_02275
541624

rh697 NZ_CP011931.1 | -1.276 | 3.61e-11 549563- NA LIMLP_02295 LIMLP_02300
549676

rh698 NZ_CP011931.1 | -1.170 | 8.45e-09 549730- NA LIMLP_02295 LIMLP_02300
549828

rh711 NZ_CP011931.1 | -1.080 | 1.30e-07 562570 NA LIMLP_02335 LIMLP_02340
562701

rh736 NZ_CP011931.1 | -1.474 | 3.95e-17 582458- NA LIMLP_02395** | LIMLP_02400"*
582528

rh753 NZ_CP011931.1 | -1.226 | 1.94e-13 602773- NA LIMLP_02460 LIMLP_02465
602842

rh784 NZ_CP011931.1 | -1.103 | 1.10e-10 630185- LIMLP_02570 LIMLP_02565 LIMLP_02575
630381

rh967 NZ_CP011931.1 | -2.662 | 8.54e-202 786700 NA LIMLP_03220** | LIMLP_03225
786893

rh1008 NZ_CP011931.1 | -1.145 | 5.44e-10 819424- NA LIMLP_03375 LIMLP_03380
819662

rh1101 NZ_CP011931.1 | -2.684 | 4.82e-295 888430- NA LIMLP_03700 LIMLP_03705**
888480

(Continued)
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Table 3. (Continued)

NCRNA chromosome | Log,Fc | Adjusted p- Start-End Overlapping ORF* Upstream ORF* Downstream perR
value ORF* mutant”

rh1102 NZ_CP011931.1 | -2.149 | 2.11e-80 888546— NA LIMLP_03700 LIMLP_03705**
888608

rh1140 NZ_CP011931.1 | -1.188 | 5.61e-08 920214- NA LIMLP_03840 LIMLP_03845
921272

rh1142 NZ_CP011931.1 | -1.157 | 6.58e-10 920631- NA LIMLP_03840 LIMLP_03845
920965

rh1253 NZ_CP011931.1 | -1.608 | 1.10e-30 1025093- LEPIMA_CI0924 LEPIMA_CI0923 | LEPIMA_CI0925
1025156

rh1282 NZ_CP011931.1 | -1.367 | 4.09¢e-15 1046519~ LEPIMA_CI0946 LIMLP_04325** LIMLP_04330
1046574

rh1299 NZ_CP011931.1 | -1.054 | 9.24e-08 1057522~ LEPIMA_CI0958 LIMLP_04385 LIMLP_04390
1057700

rh1382 NZ_CP011931.1 | -1.036 | 1.69e-05 1129722- NA LEPIMA_CI1022 | LEPIMA_CI1023
1129784

rh1651 NZ_CP011931.1 | -1.354 | 4.48e-12 1392744~ LIMLP_05660 LIMLP_05655 LIMLP_05665
1392884

rh1880 NZ_CP011931.1 | -1.896 | 6.86e-62 1592557~ LEPIMA_CI1441 LIMLP_06480** | LEPIMA_CI1442
1592621

rh2038 NZ_CP011931.1 | -1.252 | 1.81e-14 1734004~ NA LIMLP_07030 LIMLP_07035
1734144

rh2114 NZ_CP011931.1 | -1.206 | 2.39e-12 1799567~ NA LIMLP_07290 LIMLP_07295
1799634

rh2170 NZ_CP011931.1 | -1.047 | 1.58e-06 1854827~ LEPIMA_CI1676 LIMLP_07495 LIMLP_07500
1854890

rh2222 NZ_CP011931.1 | -1.199 | 1.09e-12 1896532- NA LIMLP_07715 LIMLP_07725
1896782

rh2311 NZ_CP011931.1 | -1.115 | 1.01e-06 1954525~ LIMLP_07975 LIMLP_07970** LIMLP_07980
1954640

rh2578 NZ_CP011931.1 | -1.730 | 2.54e-44 2165614- LIMLP_08925 LIMLP_08920 LIMLP_08930**
2165832

rh2850 NZ_CP011931.1 | -1.378 | 1.21e-14 2378010- LEPIMA_CI2192 LIMLP_09945 LIMLP_09950
2378075

rh2882 NZ_CP011931.1 | -1.299 | 2.18e-12 2398625- NA LIMLP_10050** LEPIMA_CI2213
2398696

rh3186 NZ_CP011931.1 | -1.963 | 5.74e-64 2658407- NA LIMLP_11175** LIMLP_11180**
2658646

rh3190 NZ_CP011931.1 | -1.874 | 6.42e-47 2656130- NA LIMLP_11170** | LIMLP_11175**
2656312

rh3335 NZ_CP011931.1 | -1.382 | 4.99¢-21 2764692- NA LIMLP_11630 LIMLP_11635
2764792

rh3711 NZ_CP011931.1 | -2.030 | 5.35e-87 3116206- NA LIMLP_13120 LEPIMA_CI2881
3116269

rh3945 NZ_CP011931.1 | -1.465 | 7.13e-22 3308829- LEPIMA_CI3062 LIMLP_13935 LIMLP_13940
3309056

rh3946 NZ_CP011931.1 | -1.126 | 3.52e-10 3309111~ NA LEPIMA_CI3062 | LIMLP_13940
3309181

rh4140 NZ_CP011931.1 | -1.438 | 7.92e-17 3467363- NA LIMLP_14615** LIMLP_14620**
3467432

rh4178 NZ_CP011931.1 | -1.509 | 2.89e-18 3496010- LEPIMA_CI3239 LIMLP_14745** | LIMLP_14750
3496183

rh4218 NZ_CP011931.1 | -1.174 | 6.15e-08 3532306- NA LEPIMA_CI3268 | LIMLP_14880
3532358

(Continued)
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Table 3. (Continued)

NCRNA

rh4253

rh4254

rh4493

rh4549

rh4607

rh4763

rh4894

rh4918

rh4938

chromosome

NZ_CP011931.1 | -1.332

NZ_CP011931.1 | -1.246

NZ_CP011931.1 | -1.115

NZ_CP011931.1 | -1.821

NZ_CP011931.1 | -1.280

NZ_CP011931.1 | -1.116

NZ_CP011931.1 | -1.137

NZ_CP011931.1 | -1.256

NZ_CP011931.1 | -1.064

Log,Fc

9.51e-14

1.77e-09

2.32e-09

7.63e-51

4.56e-14

3.50e-03

3.70e-11

5.77e-17

3.10e-08

Adjusted p- Start-End Overlapping ORF* Upstream ORF* Downstream perR
value ORF* mutant”

3554072- NA LIMLP_14970** | LIMLP_14975

3554567

3554619- NA LIMLP_14970** LIMLP_14975

3554683

3783194- NA LIMLP_15840 LIMLP_15845

3783362

3827129- LEPIMA_CI3525 LIMLP_16030 LIMLP_16035**

3827377

3879350- LIMLP_16285 LIMLP_16280 LIMLP_16290

3879511

3984140- LIMLP_16745** LIMLP_16740 LIMLP_16750

3984338

4116602- LIMLP_17290 LIMLP_17285 LIMLP_17295

4116674

4133590- NA LIMLP_17350 LIMLP_17355

4133654

4155394~ LIMLP_17425** LIMLP_17420** LIMLP_17430**

4155481

Significantly differentially-expressed ncRNAs upon 1h exposure to 1 mM H,0, with Log,FC cutoff of + 1.0 and a p-value cutoff of 0.05.

* Gene numeration is according to to Satou et al. [17].

® Differential expression of ncRNA upon inactivation of perR (M776 mutant) (see S5 Table).

* ncRNAs significantly up-regulated upon a 30 min exposure to 10 uM H,O, (Log,FC cutoff of 1, p-value cutoff of 0.05, see S5 Table).

$ ncRNA significantly down-regulated upon a 30 min exposure to 10 uM H,O, (Log,FC cutoff of -1, p-value cutoff of 0.05, see S5 Table).

* ORFs significantly up-regulated by RNASeq analysis (Log,FC cutoff of 1, adjusted p-value cutoff of 0.05).

** ORFs significantly down-regulated by RNASeq analysis (Log,FC cutoff of -1, adjusted p-value cutoff of 0.05).

NA, non-applicable

The Rfam classification of ncRNAs is indicated into parenthesis.

https://doi.org/10.1371/journal.ppat.1008904.t1003

library and we have studied the ability of these mutants to grow in the presence of H,0, and
paraquat, a superoxide-generating compound. These two mutants had a comparable growth
rate in EMJH medium (Fig 6A) but when the medium was complemented with 0.5 mM H,0,,
the ability of the katE mutant to divide was dramatically impaired (Fig 6B). The growth rate of
the ahpC mutant in the presence of H,O, was comparable to that of the WT strain (Fig 6B).
When the EMJH medium was complemented with 2 uM paraquat, the growth of the ahpC
mutant was considerably reduced, indicating a high sensitivity to superoxide (Fig 6C).

In other bacteria including E. coli and B. subtilis, katE is produced in higher amount during
stationary phase [32,33], and in order to further characterize the role of katE in Leptospira sur-
vival under oxidative stress, we investigated the survival of stationary phase-adapted Leptospira
in the presence of H,0,. L. interrogans WT cells were cultivated in EMJH medium and sam-
ples were harvested in the logarithmic phase (Fig 7A, sample 1), at the entry in stationary
phase (Fig 7A, sample 2) and in late stationary phase (Fig 7A, sample 3). Each sample was used
to inoculate a new batch of EMJH medium in the absence or presence of 2 mM H,0,. As seen
in Fig 7A, when EMJH was inoculated with Leptospira W' strain at logarithmic phase, Leptos-
pira were not able to divide in the presence of 2 mM H,0,. However, when the culture
medium was inoculated with Leptospira WT strain at the beginning of the stationary phase,
Leptospira acquired a greater resistance to 2 mM H,O, as seen by their ability to grow (Fig
7A). An even higher ability to grow in the presence of a deadly dose of H,O, was observed
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Fig 6. Effect of the inactivation of PerR-controlled genes on Leptospira growth in the presence of ROS. L. interrogans WT, katE (Man69) and ahpC (Man1368), vicK
(Man1448) and vicR (Man899), tonB-dpt receptor (Man1022), exbD (Man782), and lipl48 (Man1089) mutant strains were cultivated in EMJH medium (A, D, F) or in
the presence of 2 mM H,0, (B) or of 2 uM paraquat (C, E, G). Growth was assessed by measure of absorbance at 420 nm.

https://doi.org/10.1371/journal.ppat.1008904.9006

when the EMJH medium was inoculated with Leptospira at late stationary phase (Fig 7A). This
indicates that Leptospira acquire a higher tolerance to hydrogen peroxide at stationary phase.
Interestingly, this acquired tolerance to H,O, was independent of PerR since the perR mutant
also acquired a higher ability to grow in the presence of 2 mM H,0O, when at stationary phase
(Fig 7A). In order to determine which peroxidase was responsible for this acquired tolerance
to H,0,, the survival of WT, ahpC and katE mutant strains was tested in logarithmic phase
and was compared with that in stationary phase. As seen in Fig 7B, a 30 min exposure to 10
mM H,0, led to dramatic loss of survival of all strains at logarithmic phase. WT and ahpC
mutant strains were able to acquire a higher resistance to H,O, when placed at stationary
phase whereas the katE mutant did not. Therefore, katE is essential for the stationary phase-
acquired resistance to H,0O, and this probably involves another regulation mechanism than
that exerted by PerR.

Among the genes repressed by PerR, only mutants inactivated in LIMLP_04245 (exbD),
LIMLP_04270 (tonB-dpt receptor), LIMLP_04280 (lipl48), LIMLP_16720 (vicR), and
LIMLP_16725 (vicK), were available in the transposon mutant library. All these mutants but
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Fig 7. Role of catalase and AhpC in the stationary phase-adapted Leptospira tolerance to hydrogen peroxide. (A)
L. interrogans WT (black line) and perR mutant (M776) (red line) strains were cultivated in EMJH medium and
samples were taken at the exponential phase (at OD 4,0 nm = 0.3, left upper panel, blue arrow 1), at the entry of
stationary phase (at OD,2o nm = 0.7, left upper panel, blue arrow 2), and at late stationary phase (at OD 5o nm ~ 0.7, 5
days after the entry in stationary phase, left upper panel, blue arrow 3) and used to inoculate a new EMJH medium in
the absence (plain line) or presence of 2 mM H,0, (dashed line). The growth curve with samples taken in the
exponential phase (samples 1), in the entry of stationary phase (samples 2) and at late stationary phase (samples 3) are
represented in the right upper, the left lower, and the right lower panels, respectively. (B) L. interrogans WT, katE
(Man69) and ahpC (Man1368) mutant strains were cultivated in EMJH medium until the exponential or stationary
phases and incubated for 30 min in the absence or presence of 10 mM H,0,. Cell viability was assessed by the ability of
the cells to reduce the blue rezasurin into a pink resorufin using the Alamar Blue assay as described in the Material and
Methods section.

https://doi.org/10.1371/journal.ppat.1008904.9007
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vicK had a growth rate comparable to that of the WT strain in EMJH medium (Fig 6D and
6F). Despite the fact that vicK had a reduced ability to divide in EMJH medium, this mutant
strain had a slightly greater resistance to 2 M paraquat than that of the WT (Fig 6E). In the
same condition, the vicR, exbD, tonB-dpt receptor, and lipl48 mutant strains had a lower ability
to grow than the WT strain (Fig 6E and 6G). Altogether, these findings suggest that some of
the PerR-repressed ORFs are involved in Leptospira defense against superoxide.

Catalase has been shown to be essential for Leptospira virulence [9]. We investigated
whether other PerR-controlled genes were also required for Leptospira virulence. The different
mutants were used in infection experiments in the acute model for leptospirosis. VicK, exbD,
and lipl48 mutants did not exhibit dramatically altered virulence when 10° bacteria were
injected peritoneally in hamsters (Fig 8A and 8B). In order to further challenge the role of the
TonB-dependent transport system in Leptospira virulence, we tested whether a lower dose of
infection with the tonB-dpt receptor and exbD mutants would result in a virulence attenuation.
As seen in Fig 8C, when 10* bacteria were injected peritoneally in hamsters, animals infected
with the exbD mutant exhibited 25% survival at 32 days post infection with no sign of leptospi-
rosis. However, this slight virulence attenuation is not statistically significant. Therefore, inac-
tivation of the TonB-dependent transport system or of the two-component system VicKR does
not have a drastic consequence on Leptospira virulence in the acute model of infection in the
conditions used in this study. These mechanisms do not have a pivotal role in Leptospira dur-
ing infection or redundant activities compensate for their absence. Experiments using other
infection routes (ocular or subcutaneous routes) might result in different outcomes.

Discussion

Reactive oxidative species are powerful and efficient weapons used by the host innate immu-
nity response to eliminate pathogens. The ability of pathogenic Leptospira to detoxify hydro-
gen peroxide, one of the ROS produced upon Leptospira infection and pathogenicity, is
essential for these pathogenic bacteria virulence [9]. Because Leptospira are also environmental
aerobic bacteria, they will also face low concentrations of ROS endogenously produced
through the respiratory chain or present in the outside environment. The present study has
used RNA-Seq technology to determine the response of pathogenic Leptospira to hydrogen
peroxide. Our study allowed, for the first time, a genome-wide identification of differentially-
expressed factors in response to exposure of pathogenic Leptospira to H,O,.

L. interrogans were exposed to sublethal (10 uM) and lethal (1 mM) doses of hydrogen per-
oxide that could mimic the hydrogen peroxide concentrations encountered inside a host. Our
findings indicate that the peroxide stress response is temporal and dose-dependent. L. interro-
gans can sense and rapidly respond to H,O, concentrations as low as 10 uM by up-regulating
the catalase and two peroxidases, AhpC and CCP (Fig 9A). Heme biosynthesis-encoding genes
were also up-regulated probably because catalase and CCP have heme-dependent peroxidase
activities. These three peroxidases are the first-line of defense allowing detoxification of H,O,,
and among these three enzymes, catalase has a major role in protecting L. interrogans from the
deadly effect of hydrogen peroxide, during logarithmic phase but also during stationary phase.
Arias et al. [22] showed that E. coli cells overexpressing the L. interrogans AhpC displayed a
higher survival in the presence of H,0, and tert-Butyl hydroperoxide. In our study, an ahpC
mutant did not exhibit an altered tolerance toward H,O,; instead, this mutant had a lower abil-
ity to grow in the presence of paraquat, a superoxide-generating chemical. Although we cannot
rule out that the inactivation of ahpC triggers an increase in catalase activity to compensate the
absence of AhpC, our findings might indicate a role of this peroxidase in detoxification of
superoxide or of H,O, produced from the catabolism of superoxide. The role of CCP in
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(A) Low H,0,dose
H,0,

4

Fig 8. Role of PerR-controlled ORFs in Leptospira virulence. 10° of WT, vicK (Man1448) and vicR (Man899) mutant
strains (A), or the tonB-dpt receptor (Man1022), exbD (Man782), lipl48 (Man1089) mutant strains (B) or 10* of WT,
exbD (Man782), or the tonB-dpt receptor (Man1022) mutant strains (C) were injected intraperitoneally in hamsters

(n = 4-8) as described in Material and Methods section.

https://doi.org/10.1371/journal.ppat.1008904.9008

degrading H,O, in pathogenic Leptospira has never been investigated. Whether CCP fulfills
such a role or whether CCP rather acts as an electron acceptor for the respiratory chain, as
demonstrated in E. coli [34], will require obtaining a deletion mutant by allelic exchange since
a ccp mutant was not available in the transposon mutant library.

The up-regulation of catalase, AhpC and CCP is probably sufficient to rapidly degrade
H,0, and avoid accumulation of ROS inside the cells. However, when the H,O, level is high,
as occurs when L. interrogans are exposed to 1 mM H,0, (Fig 9B), it could overwhelm the
H,O0, detoxification machinery. Additional enzymes with a putative role as antioxidants and/
or in repair of oxidized cysteines in proteins are also up-regulated (including thioredoxin, glu-
taredoxin, DsbD and Bcp-like proteins). The induction of several genes of the LexA regulon
(recA, recN, dinP) and other genes with putative role in DNA repair (mutS, radC) suggests that

(B) High H,0,dose
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Fig 9. Schematic representation of the pathogenic Leptospira response to hydrogen peroxide. In the presence of low H,0, dose (A), ROS are produced in the cell (1),
PerR is oxidized (2) and dissociates from DNA regions in the locus of the three peroxidase-encoding genes (ank-katE operon, ahpC, ccp), leading to their derepression
(3) and increased production of catalase, AhpC and CCP (4). Other transcriptional regulator (TFs) and non-coding RNAs whose expression is affected in the presence of
ROS (5) probably participate in the H,O,-induced increase of AhpC and CCP production (6). As a result, the activities of catalase, AhpC and CCP allow maintaining
ROS at a harmless level. The increased expression of heme biosynthesis genes, which is PerR-independent and probably participates in the peroxidase activities of
catalase, AhpC and CCP, is not represented here. When the level of ROS overwhelms the detoxification capacity of the up-regulated peroxidases and becomes damaging
for the cellular constituents (B), in addition of a higher production of catalase, AhpC and CCP, other machineries are up-regulated such as thiol oxido-reductases
(including thioredoxin, DsbD, etc.) (7), molecular chaperones (8) and DNA repair proteins (9). The increased expression of the aforementioned machineries is PerR-
independent and probably involves other transcriptional regulators (TFs) and noncoding RNAs.

https://doi.org/10.1371/journal.ppat.1008904.9009
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these concentrations of H,O, induced oxidative damage to DNA and a need for the SOS
response. Also, canonical molecular chaperones (DnaK/J/GrpE, GroEL/ES, ClpB, small Hsps)
were dramatically more expressed, suggesting that 1 mM H,0, results in protein aggregation
and unfolding.

Several of the factors whose expression is up-regulated upon exposure to H,0, were also
up-regulated when Leptospira are cultivated in DMC implemented in rat peritoneal cavities
[16]. Among those were the peroxidases AhpC, CCP, their repressor PerR, RCC1, as well as
genes encoding DNA repair proteins (LIMLP_11400, LIMLP_16520, and LIMLP_16525).
This suggests that the conditions used in the present study properly reproduce the oxidative
stress encountered by Leptospira when infecting a mammalian host. Many H,0,-induced
ORFs identified in our study have been shown to be also up-regulated upon other host-related
conditions such as at the host temperature of 37°C (Catalase, GroEL/ES, DnaK/J/GrpE, small
HSPs, ClpB, RadC) [35-37], host osmolarity (RadC, DsbD, LIMLP_00770, and
LIMLP_16520) [38], or under iron-limited condition (LIMLP_08410, LIMLP_14160, Imelysin
(LIMLP_14180), and LruB (LIMLP_14170)) [10]. Therefore, the H,O,-induced response over-
laps to some extent with other stress responses. In fact, the accumulation of oxidatively-dam-
aged proteins and DNAs could trigger a general stress response. Consistent with this
hypothesis is the change in expression of other stress-related regulators such HrcA, LexA, and
RpoE.

Comparing the H,0,-induced changes in gene expression in the perR mutant with that in
WT cells indicated that PerR contributes only partially to the H,O,-induced gene regulation.
Among the genes whose expression is markedly changed upon exposure to H,O,, only katE,
ahpC and ccp are under the control of PerR. Surprisingly, even in the absence of PerR, ahpC
and ccp expression are still increased upon exposure to H,O,, suggesting that additional regu-
latory mechanisms are involved in the H,O,-induced gene regulation. In fact, several genes
encoding transcriptional regulators, two component systems, and sigma factors had their
expression altered by the presence of H,O,, corroborating the involvement of other regulators
in the adaptive response to oxidative stress in pathogenic Leptospira (Fig 9B). Moreover, we
have identified several ncRNAs that might also influence the expression of the H,O,-regulated
genes. Noticeably, rh859 located downstream ccp might participate in the increased expression
of this gene, together with the derepression induced by PerR dissociation from DNA in the
presence of H,O, (Fig 9). Therefore, our study has unveiled the complexity of the regulatory
network involved in the leptospiral response to oxidative stress.

In the present study, we have further studied the PerR-mediated gene expression control by
showing that PerR binds the upstream region of the ank-katE operon, indicating that PerR
directly represses this operon. Leptospira PerR was shown in this study to bind more than 1 kb
upstream ccp and 500 bp upstream of LIMLP_04285. Such a binding at a distal site from this
ORF promoter regions would be consistent with a control of expression mediated by DNA
deformation (such as binding or looping) induced by PerR binding. Such a mechanism was
demonstrated with the Fur regulator in Helicobacter pylori [39].

Among the ORF that are significantly up-regulated in the presence of H,O,, catalase and
ClpB have been shown to be required for Leptospira survival under oxidative stress and viru-
lence [9,37]. In the present study, we have confirmed the essential role of katE for the defense
against H,O,, particularly in stationary phase. Furthermore, we have identified new ORFs that
participate in Leptospira survival in the presence of ROS. Indeed, our findings indicate that
AhpC, a TBDT system, the lipoprotein LipL48, and the response regulator VicR are involved
in Leptospira survival in the presence of a superoxide-generating compound. Interestingly,
pathogenic Leptospira do not encode any gene homolog to a superoxide dismutase or superox-
ide reductase, nor they exhibit any SOD activity [40]. This is quite intriguing as it is generally
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believed that all aerobic bacteria do have a SOD. One fundamental question is to understand
the mechanism these pathogenic bacteria use to detoxify superoxide produced endogenously
during the respiratory chain or exogenously by phagocytic cells during infection. Our study is
the first to identify leptospiral factors in pathogenic Leptospira involved in survival in the pres-
ence of superoxide-generating compound. AhpC could detoxify H,O, produced upon the
reduction of superoxide, but the exact function of ExbD, the TBDT, and LipL48 in superoxide
detoxification is still unclear. In bacteria, ExbD is part of the inner membrane complex TonB/
ExbD/ExbB that uses proton motive force to provide the energy necessary by TonB-dependent
transporters for uptake of metal chelates, such as siderophore, or Vitamin B12. The presence
of LipL48-encoding ORF in the same operon as the TBDT strongly suggests that these two
proteins are functionally linked. This TBDT machinery could be involved in the uptake of
metals used by a ROS detoxification enzyme or even acting by themself as ROS scavenger.
Indeed, manganese has been shown to scavenge superoxide in Lactobacillus plantarum and
Neisseria gonorrhoeae, independently to any SOD activity [41,42].

In conclusion, the present study has revealed, for the first time, the genome-wide general
response to peroxide in pathogenic Leptospira, revealing putative biological pathways Leptos-
pira have evolved to overcome the deadly effect of ROS. Peroxide-induced response involves
detoxifying enzymes, molecular chaperones and DNA repair machineries. We have also
uncovered a complex regulatory network of transcriptional regulators, sigma factors, two com-
ponent systems and non-coding RNAs that could orchestrate together with PerR the peroxide
adaptive response. Peroxide-induced response also engages a large number of non-annotated
and sometimes Leptospira-specific ORFs reflecting our limited knowledge on these bacteria

physiology.

Materials and methods
Bacterial strains and growth condition

L. interrogans serovar Manilae strain L495 and transposon mutant strains (see S7 Table for a
complete description of the transposon mutants used in this study) were grown aerobically at
30°C in Ellinghausen-McCullough-Johnson-Harris medium (EMJH) [43] with shaking at 100
rpm. It should be noted that EMJH medium contains 180 uM FeSO,. Cell growth was followed
by measuring the absorbance at 420 nm.

RNA purification

Virulent L. interrogans serovar Manilae strain L1495 and perR mutant M776 with less than
three in vitro passages were used in this study. Four independent biological replicates of expo-
nentially grown WT and perR mutant L. interrogans strains were incubated in the presence or
absence of 10 uM H,0, for 30 min at 30°C. WT L495 strain was also incubated in the presence
of 1 mM H,O0, for 60 min at 30°C. Harvested cells were resuspended in 1 ml TRIzol (Thermo-
Fisher Scientific) and stored at -80°C. Nucleic Acids were extracted with chloroform and pre-
cipitated with isopropanol as described elsewhere [44]. Contaminating genomic DNA was
removed by DNAse treatment using the RNAse-free Turbo DNA-free turbo kit (Thermo-
Fisher Scientific) as described by the manufacturer. The integrity of RNAs (RIN > 7.6) was
verified by the Agilent Bioanalyzer RNA NanoChips (Agilent technologies, Wilmington, DE).

RNA Sequencing

rRNA were depleted from 0.5 pg of total RNA using the Ribo-Zero rRNA Removal Kit (Bacte-
ria) from Illumina. Sequencing libraries were constructed using the TruSeq Stranded mRNA
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Sample preparation kit (20020595) following the manufacturer’s instructions (Illumina). The
directional libraries were controlled on Bioanalyzer DNA1000 Chips (Agilent Technologies)
and concentrations measured with the Qubit dsDNA HS Assay Kit (ThermoFisher).
Sequences of 65 bases were generated on the Illumina Hiseq 2500 sequencer.

Bioinformatics analyses were performed using the RNA-seq pipeline from Sequana [45].
Reads were cleaned of adapter sequences and low-quality sequences using cutadapt version
1.11 [46]. Only sequences at least 25 nt in length were considered for further analysis. Bowtie
version 1.2.2 [47], with default parameters, was used for alignment on the reference genome
(L. interrogans serovar Manilae strain UP-MMC-NIID LP, from MicroScope Platform, https://
mage.genoscope.cns.fr/microscope/home/index.php). Genes were counted using feature-
Counts version 1.4.6-p3 [48] from Subreads package (parameters: -t gene -g locus_tag -s 1).

Count data were analyzed using R version 3.5.1 [49] and the Bioconductor package DESeq2
version 1.20.0 [50]. The normalization and dispersion estimation were performed with
DESeq2 using the default parameters and statistical tests for differential expression were per-
formed applying the independent filtering algorithm. Differential expressions were expressed
as logarithm to base 2 of fold change (Log,FC). A generalized linear model including the repli-
cate effect as blocking factor was set in order to test for the differential expression between Lep-
tospira samples. Raw p-values were adjusted for multiple testing according to the Benjamini
and Hochberg (BH) procedure [51] and genes with an adjusted p-value lower than 0.005 and a
Log,FC higher than 1 or lower than -1 were considered differentially expressed. The Fisher sta-
tistical test was used for the COG (Clusters of Orthologous Groups) classification. Heat maps
were generated using the Galaxy platform (https://usegalaxy.eu). The data have been deposited
in NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession num-
ber GSE140019 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgitacc=GSE140019).

Quantitative RT-PCR experiments

cDNA synthesis was performed with the cDNA synthesis kit (Biorad) according to the manu-
facturer’s recommendation. Quantitative PCR was conducted with the SsoFast EvaGreen
Supermix (Biorad) as previously described [9,15]. Gene expression was measured with primers
described in S8 Table using flaB (LIMLP_09410) as a reference gene.

Non-coding RNA identification

Sequencing data from the Leptospira WT and perR mutant strains incubated in the absence or
presence of H,0, were processed with Trimmomatic [52] to remove low-quality bases and
adapter contaminations. BWA mem (version 0.7.12) was used to discard the reads matching
Leptospira rRNA, tRNA or polyA sequences and to assign the resulting reads to Leptospira rep-
licons. Then Rockhopper [53] was used to re-align reads corresponding to separate replicons
and to assemble transcripts models. The output was filtered to retain all transcripts longer than
50 nucleotides not overlapping within 10 nucleotides with NCBI annotated genes on the same
orientation, and showing a minimum Rockhopper raw count value of 50 in at least two iso-
lates. This high-quality set of 778 new sSRNAs was subjected to differential expression analysis
with Rockhopper, adopting a Benjamini-Hochberg adjusted P-value threshold of 0.01. For
each non-coding RNAs, putative function was identified by BLAST using the Rfam database
[54].

ChIP-qPCR

Chromatin immunoprecipitation was performed by incubating exponentially growing Leptos-
pira WT or perRI mutant cells 40 min with 1% formaldehyde at 30°C. The reaction was
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stopped by the addition of 400 mM glycine. Cells were then washed with TBS buffer and resus-
pended in buffer A (50 mM HEPES-KOH pH7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-
100) containing a protease inhibitor cocktail. Cells were sonicated 7 cycles of 15 min. and cen-
trifuged. The supernatant was incubated 3 hours at 4°C with 50 pl of washed Dynabead Pan
rabbit IgG. The samples were incubated in the absence or in the presence of anti-PerR serum
(at a dilution of 1:750) for 2 hours at 4°C. The samples were successively washed with buffer A
containing 500 mM NaCl, with buffer B (10 mM Tris-HCI pHS8, 1 mM EDTA, 0.1% Nonidet-
P40, 0.5% sodium deoxycholate) and with buffer C (10 mM Tris-HCI pH7.5, 1 mM EDTA).
The elution was performed with 100 pl of elution buffer (50 mM Tris-HCl pH7.5, 10 mM
EDTA, 1% SDS, 150 mM NacCl, 0.5% Triton X-100) upon an ON incubation at 37°C. An incu-
bation with protease K (2 hours at 65°C) allowed elimination of proteins and DNA fragments
were purified. DNA fragments were amplified by qPCR using the indicated primers (see S8
Table) and the SsoFast EvaGreen Supermix (Biorad). Results were normalized by the Fold
enrichment method (signal over background) calculated using the following formula: 2AAACq
where AACq is Cq(with antibody) - Cq(without antibody).

Determination of cell viability

L. interrogans were cultivated in EMJH medium until logarithmic or stationary phase and
diluted to =~ 10*/ml. Cells were then incubated in EMJH in the presence or absence of H,0,
for the indicated time. Rezasurin (Alamar Blue Assay, ThermoFisher Scientific) was added and
cells were further incubated for 24h. Viability is assessed by the reduction of blue resazurin
into pink resorufin [55]. Plating experiments were performed by diluting treated and non-
treated cells in EMJH in the absence of H,O, and plating the samples on EMJH agar medium
[55]. Colonies were counted after one-month incubation at 30°C.

Infection experiments

L. interrogans WT and mutant strains were cultivated in EMJH medium until the exponential
phase and counted under a dark-field microscope using a Petroff-Hauser cell. 10* or 10° bacte-
ria (in 0.5 ml) were injected intraperitoneally in groups of 4-8 male 4 weeks-old Syrian Golden
hamsters (RjHan:AURA, Janvier Labs). Animals were monitored daily and sacrificed by CO,
inhalation when endpoint criteria were met (sign of distress, morbidity).

Ethics statement

The protocol for animal experimentation was reviewed by the Institut Pasteur (Paris, France),
the competent authority, for compliance with the French and European regulations on Animal
Welfare and with Public Health Service recommendations. This project has been reviewed and
approved (CETEA #2016-0019) by the Institut Pasteur ethic committee for animal experimen-
tation, agreed by the French Ministery of Agriculture.

Supporting information

S1 Fig. Increase of the ank-katE operon expression upon exposure to sublethal dose of
H,0,. (A) Schematic representation of the ank-katE locus. The DNA fragments amplified by
the PCR in (B) are designated with a bar and their corresponding size is indicated in base pairs
in parenthesis. The number of nucleotides between different ORFs is indicated in italic. (B)
Electrophoresis gels of the PCR-amplified DNA fragments designated in (A) from genomic
DNA (gDNA) or from RNA before (RNA) or after (¢(DNA) a reverse transcriptase reaction.
DNA ladder fragment sizes are indicated at left of the gels. (C) Gene expression was measured
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by RT-qPCR reactions in WT L. interrogans exposed in the absence (white bars) or presence of
10 uM H,0, for 30 min (black bars) or 2h (dashed bars). Data are mean and SD of three inde-
pendent experiments. ***
(TIF)

, p-value<0.0001 by two-way Anova analysis.

S2 Fig. Increase of ahpC and ccp expressions upon exposure to sublethal dose of H,0,. L.
interrogans W'T cells were cultivated until exponential phase and exposed in the absence
(white bars) or presence of 10 uM H,O, for 30 min (black bars) or for 2h (dashed bars). RNAs
were purified and cDNAs were subsequently prepared by reverse transcription. AhpC (A),
sufB (A), LIMLP_02790 (B) and ccp (B) expressions were measured by RT-qPCR using flaB
(LIMLP_09410) as reference gene and the data were normalized with untreated samples. Data
are mean and SD of three independent experiments. ***, p-value<0.0001 by two-way Anova
analysis.

(TIF)

S3 Fig. Increase of the heme biosynthesis gene expression upon exposure to sublethal dose of
H,0.. (A) Schematic representation of the heme cluster locus. The DNA fragments amplified by
the PCR in (B) are designated with a bar and their corresponding size is indicated in base pairs in
parenthesis. The number of nucleotides between different ORFs is indicated in italic. (B) Electro-
phoresis gels of the PCR-amplified DNA fragments designated in (A) from genomic DNA
(gDNA) or from RNA before (RNA) or after (cDNA) a reverse transcriptase reaction. DNA ladder
fragment sizes are indicated at left of the gels. (C) Gene expression was measured by RT-qPCR
reactions in WT L. interrogans exposed in the absence (white bars) or presence of 10 uM H,O, for
30 min (black bars) or 2h (dashed bars). Data are mean and SD of three independent experiments.
o, p-value<0.0001; **, p-value<0.005; *, p-value<<0.05 by two-way Anova analysis.

(TIF)

S4 Fig. Increase of the LIMLP_17860-65 operon expression upon exposure to sublethal
dose of H,0,. (A) Schematic representation of the locus of genes coding for a heme oxygenase
and a permease. The DNA fragments amplified by the PCR in (B) are designated with a bar
and their corresponding size is indicated in base pairs in parenthesis. The number of nucleo-
tides between different ORFs is indicated in italic. (B) Electrophoresis gels of the PCR-ampli-
fied DNA fragments designated in (A) from genomic DNA (gDNA) or from RNA before
(RNA) or after (cDNA) a reverse transcriptase reaction. DNA ladder fragment sizes are indi-
cated at left of the gels. (C) Gene expression was measured by RT-qPCR reactions in WT L.
interrogans exposed in the absence (white bars) or presence of 10 uM H,O, for 30 min (black
bars) or 2h (dashed bars). Data are mean and SD of three independent experiments. *, p-
value<0.05 by two-way Anova analysis.

(TTF)

S5 Fig. Low binding of PerR with the PerR-controlled peroxidase locus. Chromatin immu-
noprecipitation was performed on L. interrogans WT and perR (M776) mutant strains in the
presence or absence of the anti-PerR antibody. Co-immunoprecipitated DNA fragments
located in the ank-katE operon locus (A), in the ccp locus (B) and in the ahpC locus (C) were
amplified by qPCR. The location of amplified fragments is indicated below the schematic
representation of their respective loci. The number of nucleotides between different ORFs is
indicated in italic. Data are represented as fold enrichments.

(TIF)

S6 Fig. Operon organization of the PerR-controlled TonB-dependent transport system
locus. (A) Schematic representation of the locus of genes coding for a TonB-dependent
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transport system. The DNA fragments amplified by the PCR in (B) are designated with a bar
and their corresponding size is indicated in base pairs in parenthesis. The number of nucleo-
tides between different ORFs is indicated in italic. (B) Electrophoresis gels of the PCR-ampli-
fied DNA fragments designated in (A) from genomic DNA (gDNA) or from RNA before
(RNA) or after (cDNA) a reverse transcriptase reaction. DNA ladder fragment sizes are indi-
cated at left of the gels.

(TIF)

S7 Fig. Low binding of PerR with the PerR-controlled TonB-dependent transport system
locus. Chromatin immunoprecipitation was performed on L. interrogans WT and perR
(M776) mutant strains in the presence or absence of the anti-PerR antibody. Co-immunopre-
cipitated DNA fragments located in the locus encoding a TonB-dependent transporter system
were amplified by qPCR. The location of amplified fragments is indicated below the schematic
representation of the locus. The number of nucleotides between different ORFs is indicated in
italic. Data are represented as fold enrichments.

(TIF)

S8 Fig. Operon organization of PerR-controlled vicKR. (A) Schematic representation of the
locus of genes coding for the histidine kinase VicK and the response regulator VicR. The DNA
fragments amplified by the PCR in (B) are designated with a bar and their corresponding size
is indicated in base pairs in parenthesis. The number of nucleotides between different ORFs is
indicated in italic. (B) Electrophoresis gels of the PCR-amplified DNA fragments designated in
(A) from genomic DNA (gDNA) or from RNA before (RNA) or after (¢(DNA) a reverse tran-
scriptase reaction. DNA ladder fragment sizes are indicated at left of the gels.

(TIF)

S1 Table. Complete set of ORF expression in Leptospira interrogans WT and M776 perR
mutant upon a 30 min exposure to 10 uyM H,O,.
(XLSX)

$2 Table. Complete set of Leptospira interrogans ORF expression upon 60 min exposure to
1 mM H202.
(XLSX)

S3 Table. Selected up-regulated genes upon exposure to lethal doses of H,O,.
(DOCX)

S4 Table. Selected down-regulated genes upon exposure to lethal doses of H,0,.
(DOCX)

§5 Table. Differentially-expressed ncRNAs upon perR inactivation and exposure to suble-
thal doses of H,0,.
(DOCX)

S6 Table. Complete set of differentially-expressed ncRNAs in Leptospira interrogans WT
and M776 perR mutant upon exposure to H,O,.
(XLSX)

S$7 Table. Transposon mutants used in this study.
(DOCX)

S8 Table. Primers used in this study.
(XLSX)
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