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A fine scale phenotype-genotype virulence map

of a bacterial pathogen

Tim van Opijnen and Andrew Camilli’

Howard Hughes Medical Institute and Department of Molecular Biology and Microbiology, Tufts University School of Medicine,

Boston, Massachusetts 02111, USA

A large fraction of the genes from sequenced organisms are of unknown function. This limits biological insight, and for
pathogenic microorganisms hampers the development of new approaches to battle infections. There is thus a great need
for novel strategies that link genotypes to phenotypes for microorganisms. We describe a high-throughput strategy based
on the method Tn-seq that can be applied to any genetically manipulatable microorganism. By screening 17 in vitro and
two in vivo (carriage and infection) conditions for the pathogen Streptococcus pneumoniae, we create a resource consisting of
>1800 interactions that is rich in new genotype—phenotype relationships. We describe genes that are involved in differ-
ential carbon source utilization in the host, as well as genes that are involved both in virulence and in resistance against
specific in vitro stresses, thereby revealing selection pressures that the pathogen experiences in vivo. We reveal the sec-
ondary response to an antibiotic, including a dual role efflux pump also involved in resistance to pH stress. Through
genetic-interaction mapping and gene-expression analysis we define the mechanism of attenuation and the regulatory
relationship between a two-component system and a core biosynthetic pathway specific to microorganisms. Thus, we have
generated a resource that provides detailed insight into the biology and virulence of S. pneumoniae and provided a road map

for similar discovery in other microorganisms.

[Supplemental material is available for this article.]

An important goal in biology is to understand the relationship
between genotype and phenotype. With respect to pathogenic
microorganisms, this goal is especially relevant because the lack of
understanding about the function of a significant part of the pan-
genome (Medini et al. 2008) is hampering the design of novel
strategies to battle infectious diseases. Developing high-throughput
approaches for non-model organisms that can match genotypes to
phenotypes under in vitro and in vivo (infection) conditions is
therefore crucial.

A reverse genetics approach based on genome-wide ordered
arrays of single gene knockouts (Tong et al. 2001; Schuldiner et al.
2005) has been applied to several model organisms (Giaever et al.
2004; Lee et al. 2005; Baba et al. 2006; St Onge et al. 2007; de
Berardinis et al. 2008; Liu et al. 2008; Kim et al. 2010; Noble et al.
2010). By determining their growth rate or fitness under defined
conditions, genotype-phenotype patterns are obtained. A limita-
tion of this approach is that genome-wide knockout libraries are
only available for a handful of organisms. Even for model organ-
isms, experiments often remain restricted to a small number of
strains, because constructing new knockout arrays is extremely
laborious. In order to make both model and non-model organisms
accessible to high-throughput phenotypic profiling and genetic
interaction mapping, we recently developed the method Tn-seq
with which it is possible to determine each gene’s contribution to
fitness in a single experiment (van Opijnen et al. 2009).

Here, we report a strategy using Tn-seq to generate detailed
genotype-phenotype maps of a microorganism. We apply this
strategy to the pathogen Streptococcus pneumoniae, a gram-positive
bacterial species and commensal of the human nasopharynx.
Dissemination of S. pneumoniae from the nasopharynx frequently
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leads to otitis media or less often to invasive diseases including
pneumonia, meningitis, and bacteremia. Antibiotic resistance is
on therise and each year over a million people succumb to invasive
infection with S. pneumoniae, making it one of the most important
bacteria clinically (Tuomanen et al. 2004; Harboe et al. 2009;
Linares et al. 2010). Here we measured the fitness of mutant li-
braries in 17 different in vitro conditions and in two in vivo en-
vironments in mice, yielding numerous phenotypes that allowed
us to study conditional gene essentiality, discover leads for gene
function and antibiotic action, and match defined in vitro stress
conditions with in vivo colonization and disease states. Besides
creating a resource that provides insight into the biology and vir-
ulence of this pathogen, we have drawn up a detailed roadmap that
can be used to navigate similar discovery in other microorganisms.

Results and Discussion

Genotype—phenotype profiling generates a fine-scale
gene-condition interaction map and suggests that
the nasopharynx is the primary adaptive niche

S. pneumoniae can be found in different niches within the host
(e.g., nasopharynx, inner-ear, lung, bloodstream, and brain) and is
exposed to a wide range of largely unknown conditions. Six in-
dependent transposon insertion libraries were evaluated in 17
different in vitro growth conditions, which were chosen to repre-
sent selective pressures the bacterium may encounter in vivo (Hava
et al. 2003; Kadioglu et al. 2008).

S. pneumoniae has a significant part of its genome dedicated
to growth on host carbohydrates (Tettelin 2001), including genes
that cleave terminal sialic acid, galactose, and N-acetylglucosamine
(GlcNac) residues from host glycans (King et al. 2006). Although
S. pneumoniae can grow on these carbon sources in vitro, it is un-
known which of these are utilized in which host tissue, or whether
it can exploit other carbohydrates for growth (Tettelin 2001).
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Therefore, in addition to these three carbohydrates, we screened
the monosaccharides glucose, fructose, mannose; the disaccha-
rides sucrose, maltose, cellobiose; and the trisaccharide raffinose as
the main carbon and energy source. The seven other tested con-
ditions consisted of stresses including hydrogen peroxide, which is
produced by naturally catalase-negative S. pneumoniae and by host
phagocytic cells; low-temperature and acid pH; reduced divalent
cation concentration (referred to as metal stress); exposure to an-
tibiotics; DNA damage; and the induction of natural competence
followed by DNA transformation. Six biological replicates were
evaluated under each test condition and fitness was calculated for
each insertion mutant in the population by Tn-seq. For each
condition, reproducibility was determined by comparing fitness
values between different libraries, which in each case was high
(R? = 0.63-0.85) (Fig. 1A).

Mouse models were used to sample the nasopharynx and
the lung, which represent carriage and the invasive disease state
pneumonia, respectively. Because we take into account the num-
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ber of generations of the population during a given Tn-seq ex-
periment, fitness equates with growth rate, and thus allows for
comparisons between experiments and conditions. While the ex-
pansion can be easily determined for in vitro growth experiments,
this is not so under in vivo conditions, because the bacterial load in
a tissue at any particular time is a function of prior growth, death,
and clearance. Indeed, the doubling times of S. pneumoniae in the
nasopharynx and lung are unknown. In order to determine these
values, we transformed S. pneumoniae with a temperature-sensitive
plasmid that cannot replicate at physiological temperatures in the
mouse lung and nasopharynx, and thus the rate of loss of the
plasmid from the population was used as a proxy for in vivo
growth rates. Exponential growth curves were fit on the data and
the doubling time was calculated for each niche, resulting in an
average of 161 min in the nasopharynx and 108 min in the lung
(Supplemental Fig. S1A,B).

For each in vitro and in vivo condition it was determined
which genes had a significant response. Although the distribution
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Figure 1. Condition-specific phenotypic profiling with Tn-seq generates a robust and novel data set. (A) Reproducibility of Tn-seq data was high (R? =
0.63-0.85). Shown is a representative correlation between two libraries. (B) Significant average Tn-seq fitness scores for 17 in vitro conditions, lung and
nasopharynx (also see Supplemental Table S1). (C) Classification of 2027 genes into four classes, which are divided into 12 functional categories. (D)
Overlap of genes that respond to nasopharynx and/or lung and at least one in vitro condition.
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and average fitness effects were similar across the in vitro envi-
ronments, there was a clear difference between the in vivo con-
ditions; the nasopharynx responsive genes having a stronger de-
fect on average than the lung responsive genes. Comparison of the
90 overlapping genes that responded both in the lung and naso-
pharynx revealed that the average fitness defect is significantly
larger in the nasopharynx (Wnasopharynx = 0.12, Wiyng = 0.52, paired
t-test P < 0.0001; Supplemental Fig. S2A). In combination with the
slower growth rate of the bacterium in the nasopharynx, this
suggests that the nasopharynx is a harsher environment than the
lung, possibly due to the presence of more rigorous and variable
selection pressures. The lung in that sense may have had a smaller
impact on the evolution of S. pneumoniae, which makes sense
when we consider that colonization is much more prevalent than
pneumonia.

Based on their contribution to fitness, genes were grouped
into four classes. (1) Essential: required for growth; (2) Core: fitness
defectin =13 conditions; (3) Responsive: phenotype in at least one
condition; and (4) Unresponsive: no response in any of the sam-
pled conditions. In total, 278 of 2027 annotated genes were found
to be essential, 272 of which were previously suggested as essential
in TIGR4 or in other strains (Supplemental Fig. S2B; Supplemental
Table S1). Thirty-eight genes previously reported as essential are
now classified as core genes (Supplemental Table S1). Additionally,
several genes that are assumed to be pseudogenes have a pheno-
type in our data set, and one gene is marked as essential (SP0193).
This suggests that these genes may be functional, which for in-
stance has been shown for RadA (SP0023) (Burghout et al. 2007).

Genes in each of the four classes were divided into 12 func-
tional categories (Fig. 1C; Supplemental Table S1). Five of these
categories (cell division; cell wall metabolism; DNA replication,
repair and recombination; nucleotide metabolism; and transcrip-
tion and translation) are predominantly made up of essential, core,
and responsive genes, emphasizing their importance for bacterial
growth. In contrast, the category transport has, after the category
unknown, the highest proportion of unresponsive genes, sug-
gesting that there is redundancy among transporters. In addition
to the notion that transporters are often able to transport different
compounds (Lewinson et al. 2006; Fluman and Bibi 2009), we were
not exhaustive in the number of sampled conditions and we an-
ticipate that additional test conditions will reveal more pheno-
types. Interestingly, ~50% of all the unresponsive genes are <500 bp,
in contrast to ~16% of the genes in the other three classes, with
most of these genes being annotated as hypothetical (Supple-
mental Table S1). As a consequence, their function remains elusive
and their overall contribution unclear. Moreover, a large fraction
(>30%) within the unknown category contains responsive genes
(279) and core genes (19), indicating that the data set is rich in
novel genotype-phenotype relationships.

Recently, it was shown for Escherichia coli that both essential
and responsive genes were preferentially located on the leading
strand of the genome, while unresponsive genes had a higher
probability of being located on the lagging strand (Nichols et al.
2011). In S. pneumoniae, genes from every category, including un-
responsive, are preferentially located on the leading strand (Sup-
plemental Fig. S3; Supplemental Table S2).

Analysis of responsive genes between the in vitro and in vivo
conditions revealed an extensive amount of overlap: 218 genes
critical for fitness in the lung and/or nasopharynx were also im-
portant in one or more specific in vitro conditions (Fig. 1D). Thus,
our experimental strategy yielded a genotype—phenotype data set
that can serve as a valuable resource for linking specific metabolic

pathways and stress responses to pathogenicity. In total, 1828
significant genotype-phenotype relationships were identified,
which could be visualized in a single gene-condition interaction
network (Fig. 2). Six percent of the scored interactions resulted in
enhancement of bacterial fitness upon gene disruption, while 94%
of interactions indicate a fitness defect (Supplemental Table S1).
This network provides functional information for 48% of the
annotated, nonessential genes of S. pneumoniae. Each condition
contains unique responsive genes, which are located away from
the center of the network, while the central part of the network
is characterized by genes that respond to multiple conditions.
Among genes that were sensitive to multiple test conditions are
several regulators, indicating their involvement in orchestrating
an appropriate general response.

The lung and nasopharynx data were tested for the enrich-
ment of specific gene sets that are active in the same pathway or
that have a related biological function (Subramanian et al. 2005).
With extensive overlap between in vivo niches, 17 gene sets were
negatively enriched in the lung, while 16 were negatively en-
riched in the nasopharynx (overlapping gene sets are made up of
pathways such as fatty acid biosynthesis, cell division, and DNA
replication; P = 0.01, FDR < 25%; Supplemental Tables S3, S4).
Additionally, gene sets made up of different transporter types (e.g.,
Phosphotransferase Systems or ABC-transporters) were positively
enriched in both niches and thus, in general, are dispensable for
survival (Supplemental Tables S5, S6), again indicating redun-
dancy between transporters.

We also determined whether there was enrichment in the in
vivo niches for any of the in vitro-specific responsive genes. This
analysis showed that sucrose and temperature-responsive genes
were significantly enriched in the nasopharynx, while cellobiose,
GlcNag, transformation, and H,O,-responsive genes were enriched
in the lung (Supplemental Table S7). Direct comparisons between
the nasopharynx and the lung showed that, in particular, sucrose
and temperature-responsive genes were significantly different be-
tween these niches (Supplemental Fig. S4), suggesting that these
are factors that differentiate the nasopharynx from the lung.

Although the gene-set enrichment analyses above are valu-
able, we hypothesized that they overlook more subtle differences
between in vivo niches. Below we show that by exploring sub-
networks from the complete data set we are able to identify leads
toward gene function discovery, new functional and regulatory
relationships, and selection pressures that the pathogen encoun-
ters and responds to in the host nasopharynx and lung.

Subnetworks illustrate in vivo niche-specific virulence
subpathways

By focusing on specific parts instead of entire pathways, we iden-
tified one subpathway that is important in the lung only, three that
are important in the nasopharynx only, and four that are impor-
tant in both (Fig. 3). For instance, the finding that synthesis of
proline is needed in the lung but not in the nasopharynx and vice
versa for arginine suggests that these amino acids are present at
sufficient amounts in one host niche but not the other. We iden-
tified three genes (SP1121/SP1124/SP2106) involved in glucose/
glycogen cycling that are necessary in the nasopharynx but not
lung, which suggests that excess carbon is stored as glycogen and
cycled back to glucose to sustain colonization. Additionally, glu-
tamine is required in the nasopharynx for the generation of an
essential precursor for pyrimidine synthesis, uridine monophos-
phate (UMP; also see below), while in the lung UMP is acquired
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Figure 2. A gene-condition interaction network. A total of 1828 significant genotype—phenotype interactions were scored and visualized in a gene-
condition interaction network. Conditions are represented as rounded squares and color-coded as carbon source, stress, or in vivo niche. Genes are color-
coded according to their functional category. Interactions between a gene and a condition (nodes) are indicated by a line (edge); blue for a positive
interaction (mutant fitness > wild-type), orange for a negative interaction (mutant fitness < wild-type). For both conditions and genes, the size of the node
increases with the number of interactions, while the thickness of the line increases with the fitness effect.

in a different way, possibly from the extracellular environment or
via pyrR-mediated synthesis using uracil (SP1278; W,z = 0.48).
The specific importance of these distinct subpathways indicates
that there are distinct in vivo environmental differences.

Additional grouping of genes into subnetworks according to
the in vitro environment in which they have the most striking
response revealed associations that provide insight into gene
function and further suggests that each niche differs in stresses
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genes of unknown function (SP0049 and SP1378) with similar fitness defects as their direct neighbors
on the chromosome (Supplemental Table S1), and thus we expect that they are equally involved in the

respective pathways.

such as DNA damage, pH, metal stress, and hydrogen peroxide
level, in addition to the availability of specific carbon and energy
sources that push the bacterium to utilize both specific as well as
overlapping (carbon utilization) genes and pathways in each niche
(Supplemental Fig. SSA-E).

Validation of in vitro genotype-phenotype relationships leads
to new gene functions

Fach tested condition yielded new relationships and individual
genes required for survival in the presence of a specific carbon
source or under pressure of a defined stress. To evaluate the accu-
racy of the fitness data, we first examined the in vitro data set and
compared it with established functions and genotype—-phenotype
relationships. For different carbon sources, several previously
implicated genes could be confirmed. For example, sucrose-6P
hydrolase (SP1724/scrH) is required to generate Glucose-6P from
Sucrose-6P and is here conditionally essential (W;;24=0.08) in the
sucrose environment. Likewise, N-acetylglucosamine-6P deacety-
lase (SP2056), which forms GlcN-6P from GlcNac-6P, is important
in the presence of sialic acid (W5pss = 0.47), while conditionally
essential (Wypss = 0.1) with GlcNac.

Also, stress conditions yielded expected genes. For example,
addition of exogenous hydrogen peroxide revealed the importance
of pyruvate oxidase (SP0730/spxB), a gene involved in both pro-
ducing and conferring resistance to hydrogen peroxide (Wy;39 =
0.9). Growth in the presence of the DNA-damaging agent
MMS, revealed the importance of the base excision repair gene
DNA-3-methyladenine glycosylase I (SP0180; Wy 50 =0.29). For
transformation, we found nine out of 17 previously identified genes
that are directly involved in transformation, such as the TCS comDE
(SP2235, SP2236) and ciaRH (SP0798, SP0799). Furthermore, we
identified 113 other genes involved in transformation. This large
number of genes reflects the complex nature of transformation,
which includes quorum sensing, competence induction, DNA up-
take, recombination and DNA repair, and other stress responses.

DSCOS)

Threonine from Aspartate

(P =0.0001), and galactose-genes in the
galactose environment (P = 0.0001, Sup-
plemental Table S8).

In a quantitative test to validate
genotype-phenotype relationships we
compared Tn-seq fitness with 1 X 1
deletion-mutant versus wild-type com-
petition assays. In total, 75 in vitro com-
petitions were performed under different
growth conditions, which correlated
strongly with Tn-seq fitness (R* = 0.88) (Fig. 4A), and none of the
comparisons were significantly different (Fig. 4B; Supplemental
Table S9). We confirmed multiple specific genotype-phenotype
relationships, thereby demonstrating that the data set consists of
high-confidence gene-condition interactions. These data were
used to infer new roles for genes; for instance, we identified a new
role for the response regulator from TCS 6 (SP2193) in trans-
formation. Dextran glucosidase S (SP1883) is a hydrolase that is
important in all tested carbon-source environments except for
sucrose, which requires the specific hydrolase scrH (SP1724).
Moreover, SP1883 was especially important in the presence of the
disaccharide cellobiose for which no hydrolase had previously
been identified (Supplemental Table S9). Roles for several hypo-
thetical genes were also revealed and confirmed, such as SP0160,
which demonstrates a strong defect in the metal stress environ-
ment (Supplemental Fig. S6A). The hypothetical gene SP0181,
which is located downstream from the ruvA (SP0179) homologous
recombination machinery component and the DNA-3 methyl-
adenine glycosylase I (SP0O180) base excision repair gene, is sensi-
tive to MMS, and thus, like its neighbors, is likely involved in DNA
repair (Supplemental Fig. S6B). Similarly, spoJ (SP2240) is sensitive
to MMS-induced DNA damage (Supplemental Fig. S6B) and con-
tains a ParB-like domain, which has been found in genes involved
in processes such as DNA partitioning and nick-closing (Moscoso
et al. 1997; Lin and Grossman 1998).

Overlapping virulence and in vitro condition-specific genes
reveal selective pressures in the host

We hypothesized that linking gene function with virulence phe-
notypes can reveal selective pressures in the host and identify
target genes and pathways within the pathogen for therapeutic
intervention. Because of the biological variation inherent within
live mammalian hosts, it was important to validate the accuracy
of in vivo Tn-seq fitness. Our Tn-seq data set confirmed 72% (31
of 43) of previously published in vivo virulence phenotypes
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Figure 4. Tn-seq fitness strongly correlates with traditional 1 X 1 competition experiments, and
overlapping in vitro condition-specific fitness with in vivo disease state-specific fitness provides leads
toward in vivo selection pressures. (A) Correlation between Tn-seq fitness and 1 X 1 fitness, where
a single deletion mutant is competed against the wild type (n = 75, shown are average = SEM). Each
competition was done at least four times, while each Tn-seq fitness value was calculated from at least
three independent insertions. (B) No significant differences were found between Tn-seq fitness and 25
deletion mutants that were competed 1 X 1 in several different conditions against the wild type. (C) A
strong overlap was found between the three genes SP0727-0729, their sensitivity for metal stress
(depleted divalent cations), and their attenuation in the nasopharynx. According to both Tn-seq fitness
and 1 X 1 fitness, none of the genes exhibit growth defects in glucose, while growth is severely at-
tenuated in the presence of bipyridyl (metal stress; one-sample t-test with Bonferroni correction; P <
0.0001). In addition, according to Tn-seq fitness for SP0729 and 1 X 1 fitness for SP0727, the operon is
important for growth in the nasopharynx (P < 0.001), while Tn-seq fitness for SP0728 and SP0729 and
1 X 1 fitness for SP0727 show there is no defect in the lung. Tn-seq fitness could not be determined in
the lung for SP0727 and for SP0727 and SP0728 in the nasopharynx due to a lack of insertions. (D) The
growth defect of the three genes SP0727-0729 under metal stress (open symbols) is compensated for
by adding 0.2 mM FeSO,4 and MnSOy (closed symbols). These data suggest that S. pneumoniae ex-
periences metal imbalance of divalent cations in the nasopharynx, but not in the lung.

hypotheses regarding the kinds of selec-
tive pressures the bacterium experiences
in vivo.

Besides the association we found
through the enrichment analysis be-
tween sucrose and the nasopharynx,
which we further confirmed through in-
dividual competitions (Supplemental Fig.
S5A; Supplemental Table S9), a particu-
larly strong association was identified for
a three-gene operon between the in vitro
metal stress condition and colonization
of the nasopharynx. This in vitro condi-
tion, created by adding the divalent cation-
chelator bipyridyl to the growth media,
identified 68 responsive genes (Supple-
mental Table S1), among them the operon
SP0727-0729, whose genes are annotated
as a transcriptional repressor (SP0727),
a hypothetical gene (SP0728), and a cat-
ion transporter (SP0729) (boxed in the
subnetwork in Supplemental Fig. S5D).
Confirmation of Tn-seq fitness with 1 X 1
competitions showed that the operon is
indeed sensitive to the lowering of di-
valent cations in the growth medium
(Fig. 4C). It was shown recently that this
operon could be transcriptionally in-
duced by, and is sensitive to, toxic levels
of copper sulfate (Shafeeq et al. 2011),
a phenotype which we confirmed (data
not shown). Since S. pneumoniae is un-
likely to encounter such nonphysiolog-
ical levels of copper, our findings suggest
that, instead, the operon is used to counter
imbalances in divalent cation concentra-
tions. In support of this we showed that
by adding a slight molar excess of both
iron sulfate and manganese sulfate over
bipyridyl to the growth media, it was

(Supplemental Table S1). Phenotypes we could not confirm were
due to strain differences, highly variable outcomes in the pub-
lished data, and genes such as nanA, bgaA, and strH, which can be
compensated in trans by other clones. We selected eight genes
having an in vivo defect in colonization and/or lung infection and
a specific in vitro growth defect, and confirmed 14 in vivo viru-
lence phenotypes by competitions (Supplemental Table S9). For
instance, we confirmed fitness of the amiACDEF oligopeptide ABC
transporter (SP1887/1891) in five different carbon sources as well
as the importance of the operon in the lung and the nasopharynx
(Supplemental Table S9). Two hypothetical genes (SP0826 and
SP1043) and the operon SP1340-1342, consisting of a hypotheti-
cal gene (SP1340) and an ABC transporter (SP1341/SP1342), were
confirmed for their defect in the presence of sucrose and their at-
tenuation in the nasopharynx, but not the lung (Supplemental Fig.
S6C,D). Interestingly, a homology search links the transporter to
a macrolide multidrug efflux pump, indicating that it may have
a double function; however, we found no association between the
pump and the macrolides erythromycin or azithromycin (data not
shown), leaving this possible antibiotic efflux function unresolved.
These validation examples show how associations can be made
between defects found in vitro and in vivo, thereby generating

possible to counter the effect of bipyridyl, thereby restoring the
balance in divalent cation concentration and rescuing the defect of
each of the gene knockouts (Fig. 4D). In addition, we confirmed
that the operon is essential for colonization of the nasopharynx,
but not for lung infection (Fig. 4C). Although we cannot rule out
additional roles for these genes and we did not find overall en-
richment in the meta-analysis for metal stress-responsive genes in
the nasopharynx, this finding nevertheless suggests that the bac-
terium may have to deal with some form of imbalance in divalent
cations such as Fe?*, Cu®>*, and Mn?* in the nasopharynx, and that
this operon plays an important role under this stress condition.

The identification of a dual-role efflux pump and the secondary
DNA-damage response of Norfloxacin

The increase in antibiotic resistance in S. pneumoniae (Zhanel et al.
1999; Linares et al. 2010) and in other bacterial pathogens is an
expanding problem. In order to identify genes involved in low-
level antibiotic resistance or sensitivity, we screened in the pres-
ence of Norfloxacin, a member of the fluoroquinolone class of
antibiotics that represent a first line of treatment for lung in-
fection. Norfloxacin inhibits DNA gyrase and topoisomerase 1V,
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which are required for DNA replication and genome segregation.
Two identified and confirmed genes (SP2073/SP2075) (Fig. SA)
form a previously reported ABC-transporter, or efflux pump,
shown to mediate resistance to multiple drugs and chemicals in-
cluding Norfloxacin (Robertson et al. 2005). We found that in the
absence of this efflux pump, S. pneumoniae is also exquisitely
sensitive to alkaline pH (Fig. 5A). Although there are transporters
that function as multidrug:cation/proton antiporters (Cheng et al.
1996; Lewinson et al. 2004), there are no direct examples of ABC-
transporters that mediate both multidrug resistance and pH ho-
meostasis. Notably, in the absence of the antibiotic, the SP2073/
SP2075 efflux pump mediates pH homeostasis, which shows that
the two functions are separable, and to our knowledge this is the
first dual role transporter identified for S. pneumoniae. Linking
antibiotic efflux with a basic physiological function like pH ho-
meostasis may serve the purpose to retain an antibiotic resistance
determinant in the absence of the antibiotic.

Amongst other genes involved in resistance to Norfloxacin we
identified 12 that were also sensitive to the DNA-damaging agents,
hydrogen peroxide, and/or MMS (Fig. 5B). Three of those genes are
annotated as being involved in DNA replication, repair, and re-
combination, of which we confirmed recN (SP1202) (Fig. 5C;
Supplemental Table S9). Five of the 12 genes have unknown func-
tions, but are likely involved in DNA repair and recombination.
These include SP1201, located immediately downstream from
recN; SP1981, a hypothetical gene and member of the RmuC family
that include genes that both protect against nuclease activity and
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are themselves involved in DNA cleavage; and two genes, SP1298
and SP2205, (Fig. 5D, Supplemental Table S9) that belong to the
DHH phosphatase family that includes the exonuclease rec/
(SP0611), which degrades single-stranded DNA and is involved in
homologous recombination and DNA repair pathways. Consistent
with their role in DNA repair and recombination, SP1298 and
SP2205 also contribute to DNA transformation. Finally, nine of
these 12 genes are important for colonization of the nasopharynx
and/or lung infection (including SP1298 and SP2205) (Cron et al.
2011), indicating that DNA damage represents another in vivo
stress experienced by S. pneumoniae.

These data demonstrate that Norfloxacin creates an internal
bacterial environment in which DNA repair and recombination
genes become important for bacterial survival, possibly, as has
been shown in E. coli, by creating reactive oxygen species (Kohanski
et al. 2010a). Furthermore, this shows that a network approach
focused on interactions between antibiotics and the genome pro-
vides valuable insight into both the function of an antibiotic as
well as the factors that may promote the emergence of resistance
(Yeh et al. 2006; Kohanski et al. 2010b).

Genetic interaction mapping reveals a part of the pyrimidine
synthesis pathway as a regulatory module controlled
by a two-component system response regulator

The gene-condition network in Figure 2 does not readily reveal
more complex regulatory relationships that are responsible for
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Figure 5. The identification of a dual-role efflux pump and the secondary DNA-damage response to Norfloxacin. (A) Tn-seq and 1 X 1 fitness data
demonstrate that both genes in the efflux pump SP2073/SP2075 are involved in Norfloxacin resistance in a dose-dependent manner (concentrations 1.5
and 2 pg/mL are indicated by Nor 1.5 and Nor 2). Efflux pump mutants are also sensitive to pH stress, with a small but significant defect at pH 6 (P<0.001)
and an increasing defect at pHs greater than 8 (P<0.001). Thus, the efflux pump appears to have a dual function—contributing to antibiotic resistance and
to pH homeostasis. (B) A subnetwork of Norfloxacin responsive genes (color-coding same as in Fig. 2) indicates that 12 genes contribute to Norfloxacin
resistance and also have interactions with the DNA-damaging stress conditions MMS and H,O,. Those genes that interact with MMS and H,0O also often
interact with transformation and have a defect in vivo in the lung and/or the nasopharynx. (C) Confirmation of the significant interactions of recN (SP1202)
with Norfloxacin, H,O,, and MMS by 1 X 1 competitions (n.d., T X 1 fitness of the single deletion mutant in glucose was not determined). (D) Con-
firmation of the significant interactions of the DHH family genes SP1298 and SP2205 with Norfloxacin, MMS, and in DNA transformation by 1 X 1

competitions.
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orchestrating bacterial responses under the various test conditions.
Nevertheless, the set of single gene-condition fitness values on
which the network is built can be used for genetic interaction
mapping, which in theory should be able to reveal such regulatory
higher-order relationships. By focusing our analysis on smaller
parts of pathways (Fig. 3) we revealed that some of the genes in-
volved in de novo pyrimidine synthesis, specifically the genera-
tion of uridine monophosphate (UMP) from glutamine (Fig. 6A;
Kanehisa et al. 2008), have a fitness defect during growth in most
of the carbon sources tested and in the nasopharynx. This arm of
the pyrimidine biosynthetic pathway is specific to bacteria, and
although its genes and enzymatic steps are relatively well-charac-
terized, there is very little known about its regulation. Uncovering
regulatory relationships can lead toward the stimuli, sensor, and
of course regulator, that trigger the bacterial response, and it is
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therefore possible to identify ways to manipulate this response and
potentially new avenues for therapeutic intervention.

For all eight genes involved we found very similar fitness
defects in glucose (Fig. 6B), and we confirmed phenotypes for the
genes involved in the first step (carA/SP1276) and the sixth step
(pyrE/SP0702) of this pathway (Fig. 6B). To investigate the regula-
tion of these genes we used genetic interaction mapping to screen
for higher-order relationships between carA and the rest of the
genome. Six transposon insertion libraries were created in the
AcarA background, and fitness of each double mutant in the library
was measured using Tn-seq. The observed double-mutant fitness
was then compared with the fitness expected from the multipli-
cative model, which was calculated from the initial Tn-seq data by
Weara X Wj, where j is every other gene in the genome. Analyzing
the data for fitness values that deviated from the multiplicative
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Figure 6. Genetic interaction mapping in combination with gene-expression analysis reveals temporally constrained regulation of the pyrimidine
pathway. (A) A schematic of the pyrimidine pathway that produces UMP from L-glutamine by utilizing eight genes that mediate seven enzymatic
reactions. (B) Tn-seq fitness for all eight genes from the pyrimidine pathway and 1 X 1 fitness to confirm the phenotypes for genes SP0702 and SP1276.
Also, 1 X 1 fitness in the lung and nasopharynx is shown for SP1276 and the observed Tn-seq fitness for all double mutants between SP2193 and the eight
genes from the pyrimidine pathway. (C) Quantitative reverse transcription—polymerase chain reaction experiments were done for the first seven of the
genes in the de novo pyrimidine biosynthetic pathway, the response regulator SP2193, and the cognate sensor kinase SP2192. A strong induction is
observed after 90 min of exposure to glucose for all seven genes in a wild-type background, while the induction is absent in a A2193 background.
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model yielded a genetic interaction between carA and the response
regulator SP2193 from TCS 6, with an expected fitness of 0.66 *
0.04 (Wega X Waye3 = 0.66 X 1.00), but an observed fitness of
0.97 = 0.04 (SEM; P < 0.0002). Deletion of the response regulator
thus appeared to suppress the carA fitness defect. To confirm this
interaction, we did the reciprocal genetic interaction experiment
in the ASP2193 background. This experiment revealed that the
defect of each of the eight genes in the pathway could be sup-
pressed by ASP2193 (Fig. 6B; Supplemental Fig. S7A). To further
confirm these genetic interactions, we constructed a double knock-
out of carA and SP2193. In order to verify that the sensor kinase
SP2192 of TCS 6 is not involved, we also constructed a single gene
knockout of SP2192 and a double knockout with carA. As shown
by the growth curves in glucose (Supplemental Fig. S7B), only
ASP2193 was able to suppress the carA mutation.

From these data, we hypothesized that SP2193 is a transcrip-
tional activator of the genes in the pyrimidine pathway. To test this
we did temporal qRT-PCR experiments on the pathway and the
TCS gene transcripts. In the wild-type background the pathway
genes were activated in a spike-like manner at ~90 min after ex-
posure to glucose, while there was no activation when SP2193 was
deleted (Fig. 6C). These data suggest that when a gene within the
pathway is mutated, the pathway remains active and negatively
affects fitness of the bacterium, possibly by accumulation of toxic
intermediate products and/or wasteful energy expenditure.

In the event of the disruption of, or failure to express the arm
of the pathway from glutamine to UMP, pyrimidines can still be
synthesized through production of UMP from uracil via pyrR
(SP1278). In addition, it is possible to acquire UMP from the ex-
tracellular environment (Fig. 6A). Tn-seq data demonstrates that
pyrR is indeed used to produce UMP in the lung (Wy,z = 0.44),
thereby explaining why the longer route is not absolutely required,
and suggests possible environmental differences between the na-
sopharynx and lung. This is further confirmed by the requirement
of SP2193 in the nasopharynx (Wspz103 = 0.47) but not lung
(Wsp2103=0.95). Downstream from UMP is where both host niches
overlap in their requirements such that the paths that lead toward
uridine-di/tri-phosphate converge and are required to establish
both colonization in the nasopharynx and infection of the lung.

By means of generating genetic interaction profiles, we were
successful in discovering a functional regulatory relationship be-
tween a core pathway and its transcriptional regulator. This sug-
gests that by perturbing the signal that triggers SP2193 activity in
the nasopharynx, or alternatively, by preventing these conserved
bacteria-specific enzymatic reactions that lead up to production of
UMP, colonization by S. pneumoniae can be inhibited.

A roadmap toward developing new strategies to battle
infectious diseases

The development of multidrug resistance by several major human
pathogens has highlighted the need for new vaccines, new anti-
biotics, and strategies to limit the evolution of resistance. This
quest can be aided by knowledge of a pathogen’s response to an-
tibiotic pressure as well as to host selective pressures during disease
and nondisease (carrier) states. In this report we present an ex-
perimental strategy that takes a significant step in that direction by
utilizing Tn-seq to generate a detailed gene-condition network in
response to various defined in vitro and host-specific stresses. With
modest resources it will be possible to rapidly generate similar
networks for any culturable microorganism for which insertional
mutagenesis is available, thus creating a wealth of information that

can keep pace with the rapidly accumulating genome sequence
data and enable comparisons across different strains and species.

Methods

Bacterial strains, growth, and media

The in vitro experiments were done using an acapsular deriva-
tive of S. pneumoniae strain TIGR4 (NCBI Reference Sequence:
NC_003028.3), while in vivo experiments were done with the
original encapsulated strain. Single gene knockouts were con-
structed by replacing the coding sequence with a Cm or Spec re-
sistance cassette as described previously (lyer et al. 2005; van
Opijnen and Camilli 2010). Except for specific growth and selec-
tion experiments, S. pneumoniae was grown statically in Todd
Hewitt broth supplemented with yeast extract (THY) and S wL/mL
Oxyrase (Oxyrase, Inc) or on Sheep’s blood agar plates at 37°C in
a 5% CO, atmosphere. Where appropriate, cultures and blood
plates contained 4 pg/mL chloramphenicol (Cm), 200 pg/mL
Spectinomycin (Spec), or 1 ng/mL Erythromycin (Erm).

In vivo bacterial doubling time

The temperature-sensitive plasmid pGh9 (Maguin et al. 1996),
which does not replicate above 30°C and confers resistance to
erythromycin, was transformed into S. pneumoniae. In vitro control
experiments indicated that multiple copies of the plasmid were
initially present but were reduced to <1 per bacterium by culturing
the population for seven generations at 37°C. Subsequent growth
experiments confirmed the temperature-sensitive nature of the
plasmid and a rate of loss in accordance with an in vitro doubling
time of 33 min. The strain was used in lung infection and naso-
pharynx colonization experiments (15 and 16 mice, respectively).
Mice were euthanized at different time points post-infection and
bacterial loads were determined by plating dilutions on blood agar
plates supplemented with and without erythromycin (Supple-
mental Fig. S1A,B). The growth rate of the population was de-
termined by summing the growth rate of the whole population
(titer on plates lacking erythromycin, K ¢m,) with the absolute value
of the rate at which the plasmid disappears from the population
(titer on plates plus erythromycin, K,erm). Exponential growth
functions were fit to both populations harvested from the lung
(Kyerm = —0.41, Ky = —0.025) and the nasopahrynx (Kiemm =
—0.28, K_erm = —0.022), resulting in a growth rate in the lung of
Kung = 0.385 which translates to a doubling time of 108 min, and
a growth rate of Kpasopharynx = 0.258, translating to a doubling time
of 161 min.

Transposon library construction and selection experiments

Library construction was done as described (van Opijnen et al.
2009; van Opijnen and Camilli 2010). Note that the magellan6
minitransposon we designed lacks transcriptional terminators,
therefore allowing for read-through transcription, which explains
why no relevant polar effects were observed by examining fitness
of downstream genes (Supplemental Table S1). Additionally, the
minitransposon contains stop codons in all three frames in either
orientation when inserted into a coding sequence. In vitro selec-
tion experiments were done with six independently generated li-
braries each with a size of ~8000 transposon insertion mutants
covering 88% of nonessential genes. Growth conditions where
the carbon source was varied consisted of semi-defined minimal
media (SDMM) at pH 7.3 supplemented with 10 mM of one of
the following carbon sources: glucose, fructose, mannose, galac-
tose, N-acetylglucosamine (GlcNac), sialic acid, sucrose, maltose,
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cellobiose, or raffinose. Stress conditions consisted of SDMM with
10 mM glucose at pH 7.3 and one of the following stresses: Metal
stress, 0.5 mM of 2,2'-Bipyridyl (Sigma-Aldrich); DNA damage,
Methyl methanesulfonate 0.015% (MMS, Fluka); hydrogen per-
oxide exposure, H,O, 4.5 mM (Sigma-Aldrich); acidic pH stress,
pH6; temperature stress, growth at 30°C; antibiotic exposure,
norfloxacin 1.5 pg/mL (Sigma-Aldrich); and DNA transformation.

Nasopharynx colonization experiments were done in 17 mice
with eight independently generated libraries each with a size of
~4000 mutants, while lung infection experiments were done in 20
mice with six libraries each with a size of ~30,000 mutants. Be-
cause of differences in the bacterial load, 10°-10° colony forming
units (cfu) for nasopharynx and 107-108 cfu for lung, smaller li-
braries were used for the nasopharynx in order to minimize the
stochastic loss of mutants. Mice were euthanized after 24 h for lung
infection, followed by removal and homogenization of the lungs,
and 48 h for nasopharynx colonization, followed by flushing of
the nasopharynx with 500 pL of PBS.

Sample preparation, sequencing, and fitness

Sample preparation, Illumina sequencing, and fitness calculations
using Tn-seq were done as described (van Opijnen et al. 2006,
2009; van Opijnen and Camilli 2010). In vivo fitness was cor-
rected for stochastic loss of mutants due to bottleneck effects,
which was calculated for each mouse by determining the pro-
portion of insertion mutants that were lost from the neutral gene
set. Subsequently, for each gene the same proportion of insertions
is removed from the set of insertions that were lost. On average,
74% of insertions disappeared due to a bottleneck from the naso-
pharynx population, and 31% from the lung population. The
resulting fitness W; for each gene represents the growth rate per
generation. To determine whether W; significantly differed from
wild type, three requirements had to be fulfilled: (1) W; had to be
calculated from at least three data points, (2) W; had to deviate by
>5%, (thus, W;=<0.95 or >1.05), and (3) W; had to be significantly
different in a one sample t-test with Bonferroni correction for
multiple testing. Due to the higher degree of noise in the in vivo
data we set more stringent cut offs: W;in the lung had to deviate by
>10%, while in the nasopharynx W; had to deviate by at least 35%.

Competition assays and single strain growth

Competitions were done at least four times as described previously
(van Opijnen et al. 2009). Single strain growth assays were done at
least four times using a BioTek Synergy HT plate reader (BioTek
Instruments).

Expression analysis

RNA was isolated from cultures at different times using the Qiagen
RNAeasy kit (Qiagen). RNA was treated with the TURBO-DNAfree
kit (Ambion), after which cDNA was generated with the iScript
complete kit (BioRad) from 1 ng of RNA with random hexamers.
Quantitative PCR was done using a Stratagene Mv3005P. Each
sample was measured in both technical and biological triplicates,
and controls lacking reverse transcriptase were included. All sam-
ples were normalized against the 50S ribosomal genes SP2204 and
SP0973.

Data access

Sequence data can be found at the NCBI Sequence Read Archive
(SRA) (http://www.ncbi.nlm.nih.gov/sra) under accession number
SRA053099.
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