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e CRISPRI-seq enables in vivo genome-wide fitness testing in
one sequencing step
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murine pneumonia model

e CRISPRI-seq reveals pneumococcal genes critical during
influenza virus superinfection

e CRISPRI-seq can test gene fitness of all genes, including
essential genes
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In Brief

Liu et al. developed CRISPRi-seq to
enable in vivo genome-wide fithess
testing of Streptococcus pneumoniae in
one sequencing step. CRISPRIi-seq
revealed a bottleneck during murine
pneumococcal infection not observed
upon influenza virus co-infection,
enabling identification of essential genes.
By testing all genes, including essential
genes, CRISPRIi-seq has broad utility.
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SUMMARY

Streptococcus pneumoniae is an opportunistic human pathogen that causes invasive diseases, including
pneumonia, with greater health risks upon influenza A virus (IAV) co-infection. To facilitate pathogenesis
studies in vivo, we developed an inducible CRISPR interference system that enables genome-wide fitness
testing in one sequencing step (CRISPRIi-seq). We applied CRISPRi-seq to assess bottlenecks and identify
pneumococcal genes important in a murine pneumonia model. A critical bottleneck occurs at 48 h with few
bacteria causing systemic infection. This bottleneck is not present during 1AV superinfection, facilitating
identification of pneumococcal pathogenesis-related genes. Top in vivo essential genes included purA, en-
coding adenylsuccinate synthetase, and the cps operon required for capsule production. Surprisingly,
CRISPRI-seq indicated no fitness-related role for pneumolysin during superinfection. Interestingly, although
metK (encoding S-adenosylmethionine synthetase) was essential in vitro, it was dispensable in vivo. This
highlights advantages of CRISPRi-seq over transposon-based genetic screens, as all genes, including

essential genes, can be tested for pathogenesis potential.

INTRODUCTION

Streptococcus pneumoniae is one of the most prevalent oppor-
tunistic human pathogens. The bacterium frequently colonizes
the human nasopharynx but can cause severe diseases when
it invades normally sterile sites. Invasive pneumococcal dis-
eases, including pneumonia, sepsis, and meningitis, lead to mil-
lions of deaths per year (Weiser et al., 2018). S. pneumoniae is
the leading agent of bacterial pneumonia worldwide (van der
Poll and Opal, 2009). S. pneumoniae can pose even greater
threats to global public health in combination with viral infec-
tions. An extreme example of this is the catastrophic influenza
A virus (IAV) pandemic of 1918, where severe pneumococcal in-
fections occurred in the aftermath of IAV infection and contrib-
uted significantly to excess morbidity and mortality (McCullers,
2014). Indeed, IAV can increase the susceptibility of the host to
subsequent S. pneumoniae infection, which can render a mild
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influenza infection severe or even fatal (McCullers, 2006). While
several key virulence factors are well studied, it remains un-
known if or how the majority of the bacterium’s genome contrib-
utes to disease progression. Murine S. pneumoniae infection is
commonly studied for modeling clinically relevant stages of dis-
ease, including pneumonia and sepsis (Chiavolini et al., 2008),
and the murine 1AV co-infection model has been widely used
to explore pneumococcal infection and transmission (lvanov
et al., 2013; Matarazzo et al., 2019; Siegel et al., 2014). High-
throughput identification of important pneumococcal factors
during the progression of bacterial pneumonia in the murine
model can provide perspectives for understanding this leading
human infectious disease.

Besides bacterial virulence factors, another important aspect
influencing pathogenesis is the bottleneck imposed by the host
during disease progression. The infection bottleneck is the com-
bination of events, such as immune responses and nutrient
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limitation, that limit the size of the bacterial population causing
infection. Quantification of bottleneck sizes in animal infection
models can provide key insights for the host-pathogen interac-
tion (Abel et al., 2015a). A small effective population of pneumo-
cocci during nasopharyngeal colonization, bacteremia, and
transmission has been observed (Li et al., 2013; Gerlini et al.,
2014; Kono et al., 2016). Current studies in which pneumococcal
pathogenesis bottlenecks were estimated used only three
isogenic variants (Gerlini et al., 2014; Kono et al., 2016), and it re-
mains unclear what the exact bottleneck sizes are in different
pneumococcal disease models.

Large-scale identification of S. pneumoniae virulence determi-
nants has been undertaken by signature-tagged mutagenesis
(STM) and transposon-insertion sequencing (Tn-seq) studies
(Chen et al., 2007; Hava and Camilli, 2002; Lau et al., 2001;
van Opijnen and Camilli, 2012; van Opijnen et al., 2009). Howev-
er, these approaches have certain technical limitations, including
the inability to investigate essential genes, and the fact that not
all transposon insertions result in gene inactivation, thus,
requiring large libraries to fully cover the genome (Cain et al.,
2020). We previously harnessed an IPTG-inducible CRISPR
interference (CRISPRI) system for the functional study of essen-
tial genes in S. pneumoniae D39V in vitro with an arrayed library
(Liu et al., 2017). This prior study showed the power of CRISPRIi
for functional gene analysis. However, it was laborious to handle
the arrayed library, and the IPTG-inducible system is not ideal for
in vivo studies due to limited pharmacokinetics information of
IPTG in animal models. Recent work in Pseudomonas aerugi-
nosa showed that an important virulence factor could be effi-
ciently silenced in vivo using a constitutive promoter driving
dCas9 (Qu et al., 2019). Here, we developed a doxycycline-
inducible CRISPRI system for S. pneumoniae that is applicable
to both in vitro and in vivo studies. In addition, we constructed
a pooled CRISPRI library targeting nearly all operons of the pro-
totypic S. pneumoniae strain, D39V (Slager et al., 2018), that can
readily be combined with lllumina sequencing (herein referred to
as CRISPRIi-seq). While pooled CRISPRI libraries have recently
been reported for Escherichia coli, Staphylococcus aureus,
Vibrio natriegens, and Mycobacterium tuberculosis (Cui et al.,
2018; Jiang et al., 2020; Lee et al., 2019; Wang et al., 2018; de
Wet et al.,, 2018), they all used large pools of single guide
RNAs (sgRNAs) targeting each gene multiple times, often leading
to off targeting (Cui et al., 2018). These libraries required deep
sequencing to obtain enough statistical power on the abundance
of each sgRNA in the population. In addition, for the conditions in
which bottlenecks appear, for example, during the infection pro-
cess of pathogenic bacteria, a library with a large pool of mutants
is not well suited for high-throughput screening, as it can lead to
significant noise in calling gene fitness scores (van Opijnen and
Camilli, 2012). Here, we carefully selected a single sgRNA for
every operon in S. pneumoniae D39V, thereby limiting off-target
effects and reducing the pool of sgRNAs required to cover the
entire genome.

In the present study, we first used CRISPRi-seq to measure
bottleneck sizes of a commonly used murine pneumonia model.
This identified an extreme bacterial bottleneck in progression
from pneumonia to bacteremia. As our pooled CRISPRI library
contains 1,499 different genetic markers coded by the various
sgRNAs, this allowed for the precise measurement of bottle-
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necks demonstrating a large variation between hosts and, ulti-
mately, in disease progression—even in genetically identical
inbred mice. We further applied CRISPRi-seq screening to an
IAV pulmonary superinfection model to explore pneumococcal
genes important for replication in the murine host. The top hits
from this screen revealed many previously recognized virulence
factors, as well as additional factors that we experimentally
confirmed. Together, we show that CRISPRi-seq is a robust
method suitable for both bottleneck exploration and evaluation
of gene fitness in vitro and in vivo.

RESULTS

A Doxycycline-Inducible CRISPRi System in
S. pneumoniae Enables Both In Vitro and In Vivo Studies
To enable the study of S. pneumoniae genes in vivo, we designed
a doxycycline-inducible CRISPRi system (Figure 1A; STAR
Methods). Doxycycline, a derivative of tetracycline, was used to
induce TetR-controlled dCas9 expression because it has been
extensively validated as an inducer in rodent models due to its
high potency and excellent tissue penetration (Redelsperger
et al., 2016). To alleviate growth stress caused by doxycycline’s
antimicrobial activity, TetM served as the antibiotic marker for
dcas9 chromosome integration. TetM is a ribosome protection
protein that confers tetracycline resistance by catalyzing the
release of tetracycline from the ribosome (Donhofer et al., 2012).
The efficiency of the doxycycline-inducible CRISPRi system
was tested in vitro and in vivo. Efficiency of the CRISPRI system
in vitro was tested in C+Y medium with different concentrations
of doxycycline, by targeting luc, encoding luciferase (Figure 1B).
As little as 10 ng/ml doxycycline was enough to strongly reduce
(>20 fold) luciferase activity within 3 h, while 50 ng/ml doxycy-
cline yielded a maximum repression efficiency without causing
growth delay (Figure 1B). This demonstrates that the system is
titratable in vitro. To test its functionality in vivo, the CRISPRIi sys-
tem targeting mNeonGreen was cloned into a dual-fluorescent
reporter strain that constitutively expresses mNeonGreen and
mScarlet-l. BALB/c mice were fed ad libitum with chow contain-
ing 200 ppm doxycycline hyclate or control chow for 2 days prior
to infection, then infected with the reporter strain by intratracheal
inoculation. At 48 h post infection (hpi), bacteria in blood samples
were checked by confocal microscopy for both green (mNeon-
Green) and red (mScarlet-l) fluorescence. As expected, both
mNeonGreen and mScarlet-I signals were present in the sam-
ples harvested from mice fed with control chow, whereas the
mNeonGreen signal was absent in mice receiving doxycycline
(Figure 1C). Specific inhibition of S. pneumoniae mNeonGreen
expression in mice fed with doxycycline confirmed functionality
of the doxycycline-inducible CRISPRi system in vivo. Finally,
we verified that this dose of doxycycline did not alter
S. pneumoniae burden in blood or lungs at 24 hpi and 48 hpi (Fig-
ure 1D), giving us a tool to regulate dCas9 expression without
interfering with bacterial survival.

A Concise CRISPRI Library Targeting the Entire Genome
of S. pneumoniae D39V

Due to the well-documented polar effects inherent to CRISPRI
(Bikard et al., 2013; Liu et al., 2017; Peters et al., 2016; Qi
et al., 2013), we adopted this technique to study gene function
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Figure 1. A Doxycycline-Inducible CRISPRi System in S. pneumoniae

(A) The two key elements, dcas9 and sgRNA, were integrated into the chromosome of S. pneumoniae D39V and driven by a doxycycline-inducible promoter (Pe) and
a constitutive promoter (P3), respectively. With addition of doxycycline, dCas9 is expressed and binds to the target under the guidance of a constitutively expressed
sgRNA. The specific dCas9-sgRNA binding to the target gene acts as a transcriptional roadblock. In the absence of the inducer, the target gene is transcribed.
(B) The CRISPRI system was tested by targeting luc, which encodes firefly luciferase. The system was induced with doxycycline at different concentrations.
Luciferase activity (RLU/OD) and cell density (OD595) were measured every 10 min. Top panel shows the growth, and bottom panel shows the luciferase activity.
The values represent averages of three replicates with SEM.

(C) Reporter strain to assess in vivo activity of the doxycycline-inducible CRISPRI system. Strain VL2351 constitutively expresses mNeonGreen and mScarlet-I,
and mNeonGreen is targeted by the sgRNA. Bacteria were collected from blood of mice on control or doxy-chow at 48 hpi and imaged with confocal microscopy
in both the red and green channels.

(D) Bacterial load at both lung and blood was quantified. Each dot represents a single mouse. Mean with SEM was plotted. There is no significant (NS) difference
between the bacterial load in control- and doxycycline-treated mice (Mann Whitney U test).

at the operon level. 1,499 sgRNAs were selected to target 2,111
out of 2,146 genetic elements of S. pneumoniae D39V (Fig-
ure 2A). 35 elements are not included due to lack of a proto-
spacer adjacent motif (PAM) or localization in repeat regions
on the chromosome (Table S1). Potential (off-)targets of sgRNAs
are listed in Table S2. This sgRNA library also covers core op-
erons of other pneumococcal strains, like R6 (estimated 90.3%
of annotated genetic elements covered), TIGR4 (72.2%),
Hungary 19A-6 (66.6%), Taiwan 19F-14 (71.6%), 11A (66.8%),
G54 (72.1%) (see Supplemental Information).

The sgRNA library was cloned into pPEPZ-sgRNAclone, a
vector we engineered for efficient sgRNA cloning by Golden

Gate Assembly (Figure 2; STAR Methods). To facilitate lllumina
sequencing, key lllumina elements, including read 1, read 2,
and adaptor sequences, were inserted flanking the sgRNA tran-
scriptional unit. We transformed the cloned vector into E. coli
first, to allow visual red/white screening of cloning efficiency:
colonies containing the parental (mCherry) vector are red, while
colonies containing the sgRNA construct are white. In our
study, no red colony showed up among the 70,000 colonies,
indicating this method was efficient in producing a high quality
sgRNA pool. The E. colilibrary could also be used as a reservoir
of sgRNAs for construction of reproducible CRISPRI libraries
among S. pneumoniae D39V strains with different genetic
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Figure 2. Workflow for Construction of the Pooled Doxycycline-Inducible CRISPRi Library

(A) 1,499 sgRNAs were selected (see STAR Methods), targeting 2,111 genetic elements out of the 2,146 in S. pneumoniae D39V.

(B) The vector for sgRNA cloning, named pPEPZ-sgRNAclone, was designed to enable high efficiency Golden Gate cloning, monitoring false positive ratio, and
construction of lllumina library in a one-step PCR. SpecR is the spectinomycin resistant marker; NGS indicates key elements that allow construction of an lllumina
library by one-step PCR; P is the constitutive promoter that drives the expression of sgRNA; mCherry encodes a red fluorescent protein placed in the base-pairing
region of sgRNA and flanked by a BsmBI site on each end; handle and ter represent the dCas9 handle binding region and terminator of the sgRNA. E. coli with the
pPEPZ-sgRNAclone form red colonies resulting from the expression of mCherry. BsmBlI digestion of the vector produces ends that are compatible with the
sgRNA oligo annealing in (C).

(C) Forward and reverse oligos were designed for each sgRNA containing 20 bp complementary to sgRNA and 4 nt overhangs compatible with the BsmBI
digested vector. The oligos were annealed and pooled together followed by 5’ phosphorylation.

(D) Ligation product of the digested vector (B) with the sgRNA annealing (C) was transformed into E. coli. E. coli transformed with the vector containing the sgRNA
show white colonies due to replacement of mCherry with the sgRNA. 70,000 E. coli colonies were pooled together, and plasmids were purified and serve as an
sgRNA reservoir.

(E) Pooled plasmid library was transformed into a S. pneumoniae.

backgrounds (e.g., mutant strains) or to transform other pneu- then transformed into S. pneumoniae D39V with the above-
mococcal strains that contain the pPEPZ integration region, described doxycycline-inducible dcas9 (Figure 2E). To
which is harbored by over 64 % of all currently sequenced pneu- compare the doxycycline-inducible CRISPRi system to the
mococcal strains (Keller et al., 2019). The plasmid pool was |IPTG-inducible CRISPRi system previously published by our
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Figure 3. Fitness Evaluation of CRISPRi Targets under Laboratory Conditions

(A) Workflow of CRISPRIi-seq. The CRISPR; libraries were cultured in C+Y medium in the absence (CRISPRi-OFF) or in the presence (CRISPRi-ON) of 10 ng/pl
doxycycline or 1 mM IPTG. Bacteria were collected after approximately 21 generations of growth. Genomic DNA was isolated and used as a template for PCR.
The forward oligo binds to lllumina amplicon element read 1 and contains the lllumina P5 adapter sequence; the reverse oligo binds to read 2 and contains the P7
adapter. Index 1 and index 2 were incorporated into the forward and reverse oligos respectively, for barcoding of different samples.

(B) Violin plots showing the distribution of sgRNA abundance in each sample. “—” represents control samples without inducer; “+” represents induced samples.
The abundance of sgRNA = 1,499 x (counts of sgRNA)/(total counts of all sgRNAs).

(C) Correlation of the fitness of targets evaluated by IPTG-inducible and doxycycline-inducible libraries. The log2FC, calculated with DEseq2, represents the fold
change of sgRNA frequency between the control sample and induced sample.

(D) Refinement of essential and non-essential genes of S. pneumoniae D39V by CRISPRi-seq. The sgRNAs were classified according to the number of their
targets. 1 gene represents the sgRNAs targeting single-gene operons; 2 represents two-gene operons; >3 s represents three-or-more-gene operons. See also

Figure S1.

group (Liu et al., 2017), the sgRNA library was also transformed
into strain DCI23 (Liu et al., 2017).

Benchmarking CRISPRi-Seq with Both Doxycycline- and
IPTG-Inducible Libraries In Vitro

CRISPRi screens with doxycycline- and IPTG-inducible libraries
were performed in C+Y medium (Figure 3A). The sgRNAs were
amplified by a one-step PCR and subsequently quantified by II-
lumina sequencing. Hence, this process was named CRISPRi-
seq. Sequencing verified the presence of all 1,499 sgRNAs in
the uninduced samples of both doxycycline- and IPTG-inducible
libraries (Figure 3B). In addition, the sgRNA abundance in the two
libraries was very similar, and only 1% of variance in sgRNA con-
tents of induced samples is explained by difference in libraries
(Figure S1A), confirming that our cloning strategy enabled
repeatable transplantation of the sgRNA pool among parent
strains with different genetic backgrounds. Induction of dCas9
(CRISPRI-ON) by either doxycycline or IPTG resulted in a similar
change in sgRNA profile (Figure 3B). The evaluated fitness,
defined as the log, fold change in sgRNA abundance upon in-
duction, was highly consistent between the two CRISPRI li-
braries (Figure 3C); only five sgRNAs exhibited a statistically
different abundance (log,FC>1, paq<0.05) (Figure S1B). The

sgRNAs that were significantly less abundant upon dCas9 in-
duction were categorized as targeting essential operons or
genes. Likewise, sgRNAs that were more abundant upon induc-
tion were defined as costly, while sgRNAs that did not change
were defined as neutral. Based on this definition, 339 sgRNAs
were defined as targeting essential operons or genes, 1,160
sgRNAs defined as neutral, and none defined as costly for
S. pneumoniae growth in vitro (Table S3). Out of the 1,499
sgRNAs, there were 1,186 sgRNAs targeting individual genes,
162 sgRNAs targeting two-gene operons, and 151 sgRNAs tar-
geting operons with three or more genes. Among these, 248 sin-
gle-gene, 52 two-gene, and 39 three-or-more-gene operons
were found to be essential (Figure 3D). The majority of the essen-
tial genes defined by our CRISPRi-seq have been previously
identified as essential or responsive by Tn-seq studies (Liu
et al., 2017; van Opijnen and Camilli, 2012; van Opijnen et al.,
2009), indicating high consistency between the approaches (Fig-
ures S1C and S1D; Table S4).

Bottlenecks and Heterogeneity of S. pneumoniae in
Mouse Pneumonia

A random part of the bacterial population might die off during
infection due to bottlenecks, which is caused by general stresses

Cell Host & Microbe 29, 107-120, January 13, 2021 111
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placed upon the bacterium within the host, such as nutrient re-
striction or innate immune system responses. The effective pop-
ulation size that gives rise to the final bacterial population that
causes the infection is referred to as the bottleneck size. Bottle-
necks have been reported for pneumococcal infection and trans-
mission (Gerlini et al., 2014; Kono et al., 2016; van Opijnen and
Camilli, 2012), but precise estimations of their sizes are lacking
due to prior ineffective methodologies. Any loss of sgRNAs of
the CRISPRIi library during infection can be attributed to a bottle-
neck effect, whose size can be estimated on the basis of allele
frequencies (here: sgRNA frequencies) in the pool before and af-
ter infection (Abel et al., 2015b).

To examine pneumococcal bottlenecks during the commonly
used murine model of pneumonia, standard inbred adult BALB/c
mice were infected with the S. pneumoniae CRISPRI library via
the intratracheal route and CRISPRi-seq was performed on bac-
teria isolated at 48 hpi (from both lung and blood samples) and
24 hpi (only from lung samples, as there are no detectable bac-
teria in the bloodstream at this time point) (Figure 4A). At 24 hpi,
bottleneck sizes were relatively large (meaning most of the bac-
terial clones are still present) and covered more than 10-fold the
library diversity in all samples except two (Figure 4B). Further-
more, estimated bottleneck sizes appeared to be smaller for
CRISPRIi-induced samples, which is likely due to the early
dropout of essential operons (Figure 4B).

At 48 hpi, we observed a strong population size reduction in
both lung and blood samples, and the bottleneck outcome
was estimated to be as low as 25 bacterial cells responsible
for causing disease (Figure 4C). dCas9 induction did not seem
to have a substantial effect on bottleneck size estimations, sug-
gesting that the bottleneck selection effect overshadows the
CRISPRI selection effect (Figure 4C). Surprisingly, bottleneck
sizes varied considerably between replicates and did not corre-
late between lung and blood samples of the same host (Fig-
ure 4C). Moreover, there was little to no overlap in the different
surviving strains in blood and lung samples within mice, indi-
cating independent bacterial survival in lung and blood invasion
(Figure S2A). Taken together, these observations highlight the
impact of bottlenecks on the outcomes of infection and strongly
suggest that bacterial survival during infection in the mouse
pneumonia model is highly heterogenous and bacterial survival
is a stochastic event.

Quantification of the abundance of each mutant can provide in-
formation about bacterial replication and population expansion.
To this end, we estimated the cell number of each mutant based
on the abundance of each sgRNA in the library and the bacterial
load in both lung and blood of the mice on control feed (Figure 4D).
Dramatic stochastic changes in the genetic composition of the
CRISPRi population were observed in all mice on control feed
for both lung and blood samples at 48 hpi (Figure 4D). In addition,
there was no correlation of bacterial genetic composition among
samples from different mice, as individual mice have different
dominant isogenic mutants (Table S7). Most strains have 0 sgRNA
reads, indicating most bacteria were cleared from the lungs or
failed to invade the bloodstream. Some lowly abundant strains
appear to have managed to survive, but not to actively multiply
in both host niches, with bacterial number estimates between 1-
10. However, especially in the blood samples, some variants
reached high cell numbers (up to 107), suggesting that invasion
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by a few clones was followed by rapid replication. High replication
rates in blood were further supported by observed bacterial loads
in blood that were much higher than the estimated bottleneck
sizes (Figure S2B). Lastly, mouse number 12 seems to be less
competent in clearing bacteria from the lung as clearly more var-
iants survived, further stressing the importance of individual
mouse effects despite being an inbred mouse strain (Figures 4C
and 4D). Notice that here we used a published population level
doubling time estimate for calculations of the bottleneck size
(van Opijnen and Camilli, 2012) (see STAR Methods). However,
as described in Figure 4D, we observed subpopulations with
divergent behaviors, indicating high degrees of heterogeneity of
bacterial growth in both lung and blood during infection. This
brings challenges for accurate estimation of doubling time at the
population level. Different destinies of pneumococcal cells in the
mouse infection model may be explained by bacterial phenotypic
diversity or host-response diversity (Kreibich and Hardt, 2015). It
has been determined that individual bacteria may occupy different
micro-environments and can, thus, be exposed to dramatically
different stimuli (Davis et al., 2015), which may contribute to a level
of randomness for certain pneumococcal clones to survive in the
host. In addition, a single mouse passage can augment the viru-
lence of some strains (Briles et al., 1981), such that within-host
evolution for genetic adaptation may lead to the emergence of
subpopulations with different fates.

CRISPRIi-Seq Screen at 24 hpi Identifies PurA as
Essential in a Mouse Pneumonia Model

At 48 hpi, the effect of CRISPRI selection is overshadowed by a
dramatic stochastic loss of mutants in the population while pass-
ing through the bottleneck; and thus, this time point cannot be
used to evaluate the fitness of targets by CRISPRIi-seq (Fig-
ure 4C). However, earlier at 24 hpi, all mice except control
mice numbers 7 and 9 exhibited a bottleneck size greater than
10-fold of the diversity in the CRISPRI library (Figure 4B). We,
thus, analyzed the fitness of target genes during lung infection
based on the sequencing data obtained at 24 hpi, excluding con-
trol mice numbers 7 and 9 (Table S5).

In vivo fitness was compared to growth in laboratory media to
identify genes that became either more or less essential during
infection (Figure 5A). There were 46 sgRNAs whose targets
showed significantly differential fitness between in vivo and
in vitro conditions (IogFC>1, pagj<0.05), including 31 sgRNAs,
whose targets were more essential in vivo and 15 sgRNAs whose
targets were less essential in vivo (Table S5). Seeking to identify
virulence factors, we next focused on those genes that scored as
more essential in vivo.

We selected seven sgRNAs identified as targeting 13 neutral
genes in C+Y laboratory growth medium but predicted essen-
tial in vivo with an absolute log,FC>3 difference (Table S5). In
line with the in vitro CRISPRI-seq data, most of the targeted
genes (8) could be deleted without a detectable growth defect
in C+Y medium (Figure 5B). Note that spv_2285 was not tested,
as it is encodes a pseudo gene (Slager et al., 2018). However,
divIC (targeted by sgRNA0003), spxA1 (sgRNA0464), and dpr
(sgRNA0525) were identified as essential, since multiple at-
tempts of deletion failed, corroborating the results of other
studies (Liu et al., 2017; van Opijnen et al., 2009). Interestingly,
for pezT and pezA, identified as an epsilon/zeta toxin-antitoxin
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Figure 4. Exploring Bottleneck Sizes during Infection Using CRISPRIi-Seq

(A) Workflow of fitness cost and bottleneck evaluation in a mouse pneumonia model by CRISPRi-seq.

(B) Bottleneck size of lung samples at 24 hpi. 11 mice were treated with control chow, and 10 mice were treated with doxycycline chow. The horizontal red dash
line marks 14,990 bacterial cells, which is a 10-fold theoretical coverage of the CRISPRi library. The red asterisks point to mouse #7 and mouse #9 in the control
group. The bottleneck size of these two mice is lower than 10-fold of the library diversity.

(C) Bottleneck size in lung and blood at 48 hpi. The black asterisks point out the lung samples without successful collection of bacterial samples, which include
mice without doxycycline treatment #1 and #8, mice treated with doxycycline #2-dox, #3-dox, #7-dox, and #11-dox.

(D) The number of bacteria barcoded with different sgRNAs in the control group (no doxycycline treatment) was calculated according to the bacterial load and
sgRNA abundance in the population. Violin plots show the distribution of bacteria number in the lung samples (left panel) and blood samples (right panel), each dot
represents one bacterial variant. Notice that some mice were not shown here, because the total bacterial load was below the limit of detection and the bacterial
numbers of each variant could not be calculated. See also Figure S2.

system (Mutschler et al., 2011), single deletion of the toxingene  However, single deletion of the antitoxin gene pezA alone
pezT or double deletion of pezA-T system was achieved, and failed, indicating that the pezA-T toxin-antitoxin system is
the resulting mutants showed no growth defect (Figure 5B).  active in vitro.
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Figure 5. CRISPRi-Seq Identified PurA as Important for Infection

(A) Comparison of fitness cost of gene depletion by CRISPRI by different sgRNAs between the mouse lung infection model at 24 hpi and C+Y medium. The
difference was shown as the log, fold change between the two conditions by DEseg2 analysis, and the p values are adjusted by FDR. The highlighted sgRNAs

were selected for follow-up studies.

(B) Growth of the deletion mutants and the wild-type D39V strain in C+Y medium. Cell density was determined by measuring OD595 nm every 10 min. The values

represent averages of three technical replicates with SEM (same for E).

(C and D) Mouse infection with individual mutants, compared to wild-type D39V. Each dot represents a single mouse. Mean with SEM was plotted.

(C) The mutants were tested in three batches of infection assays, for each assay the wild-type strain was tested in parallel. Significant difference between D39V

and ApurA was tested by Sidak’s multiple comparisons test, and the adjusted p value is 0.0158.

(D) Validation study of sgRNA0005 targets. The virulence of deletion mutants and complementation strains were tested and compared to wild-type D39V. There
was a significant difference between the wild-type and ApurA strain tested by Kruskal-Wallis test with Dunn’s post-analysis, and the adjusted p value was 0.0007.

Note that ectopic expression of purA complemented the phenotype of the purA deletion mutant.

(E) Growth of ApurA in BLM lacking adenine, adenosine, guanine, uracil, uridine, xanthine, and complete medium.
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Mice were then infected with the eight viable knockout strains
and the pezA-T double mutant individually by intratracheal chal-
lenge, and the bacterial load in the lung of each mutant was
compared to wild-type strain D39V (Figure 5C). Among the
nine mutants, purA (targeted by sgRNA0005), which showed
the biggest log2FC difference between infection and C+Y me-
dium in the CRISPRI-seq screen, was confirmed to be attenu-
ated. sgRNAOQO5 targets an operon consisting of ccnC and
purA. Infection experiments with knockout and complementary
strains of these two genes confirmed that deletion of purA, but
not ccnC, led to strongly attenuated S. pneumoniae virulence
(Figure 5D). PurA, an adenylsuccinate synthetase, was previ-
ously identified to have a virulence role in experimental pneumo-
coccal meningitis (Molzen et al., 2011). As adenylsuccinate
synthetase is important for purine biosynthesis, we suspect the
attenuated virulence of the purA knockout mutant is caused by
lack of purine availability in the corresponding in vivo niches.
To probe this further, we used a synthetic blood-like medium
(BLM) (Aprianto et al., 2018) to propagate the purA mutants. It
showed that specific reduction of adenine in the media led to
marked growth retardation (Figure 5E). Together, this shows
that CRISPRi-seq, and by extension similar screens, such as
Tn-seq, is not very predictive in finding important virulence fac-
tors in a disease model with strong bottlenecks, as only the
most significant hit (purA) from the screen could be confirmed.

Identification of Genes Important for Pneumococcal
Replication during Influenza Superinfection

In the above-described murine pneumonia model,
S. pneumoniae was cleared rapidly from the lung as we used
108 CFU per lung as inoculum, and the bacterial load at 24 hpi
decreased to less than 10* CFU/lung. Using CRISPRi-seq, we
were able to track the bacterial composition in great detail for in-
dividual mice, demonstrating that CRISPRi-seq is a useful tool
for infection bottleneck studies. In order to obtain richer data
identifying pneumococcal genes directly involved in virulence,
we performed a CRISPRi-seq screen in a murine disease model
that is known to promote intra-host bacterial replication, the IAV/
S. pneumoniae superinfection model (Figure 6A). Mice were first
infected with 50 plague-forming units (PFU) of IAV, followed
7 days later by intranasal infection of 5x10* CFU of our
S. pneumoniae D39V CRISPRI library (approximately 33-fold
theoretical coverage of the library). The bacterial load at 24 hpi
increased to about 108 CFU/lung in all animals (Figure 6B). After
CRISPRI-seq analysis, we did not observe a bottleneck in the IAV
superinfection model, as the samples collected from the control
mice clustered well with the samples from C+Y medium without
the dCas9 inducer in a PCA, indicating similar sgRNA contents
(Figure S3C). In addition, the sgRNA profile was similar when
the CRISPRi system was uninduced either in vivo or in vitro
(Figure S3D).

When comparing doxycycline-induced sgRNA abundancy, we
identified genes that were differentially essential during influenza
superinfection compared to the in vitro C+Y medium (Figure 6C).
We again found sgRNAO005 targeting purA among the top 10
hits. In addition, we identified two transcriptional units of the
capsule locus, targeted by sgRNAO0127 and sgRNA0128, in
S. pneumoniae D39V to be important for survival during IAV su-
perinfection (Figure 6C). Although the capsule is generally re-
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garded as one of the most important virulence factors in
S. pneumoniae, the essentiality of the capsule genes has not
yet been implicated in the 1AV superinfection model. Therefore,
we compared a capsule locus knockout mutant with the wild-
type D39V strain in the IAV superinfection model (Figure 6D). In
line with the CRISPRIi-seq screen, virulence of the capsule
knockout mutant was significantly attenuated in the IAV superin-
fection model (Figure 6E). sgRNAO160, targeting bacA, was also
among the top hits. Consistent with our screen, Chalker et al.
showed that a deletion mutant of bacA displayed no significant
changes in growth rate or morphology in vitro but was
highly attenuated in a mouse model of infection (Chalker et al.,
2000). Another top hit was sgRNA0519, targeting the operon
consisting of pacL and SPV_1382. pacL, encoding a calcium-
transporting ATPase, was previously shown to be essential for
S. pneumoniae TIGR4 to survive in BALB/c mouse (Rosch
et al., 2008). Among the top 10 hits, targets of five sgRNAs
were proven by us or in previous studies to be important for
pneumococcal virulence in different pneumococcal strains or
animal models, demonstrating that the data from CRISPRi-seq
in the superinfection model is highly reliable.

Pneumolysin, encoded by ply, is the major pneumococcal
toxin, and previous studies showed that production of pneumo-
lysin can increase pneumococcal adherence to the respiratory
epithelium and facilitate S. pneumoniae colonization, invasion,
and dissemination (Nishimoto et al., 2020). Strikingly, the abun-
dance of sgRNA0639, targeting ply, showed no difference be-
tween the in vivo and in vitro conditions in our IAV superinfection
pneumonia model as determined by CRISPRi-seq (Figure 6C).
To test whether this was not a false negative result, we per-
formed infection assays in the superinfection model with a ply
knockout mutant (Aply) and wild-type D39V (Figure 6E). Indeed,
we did not find any significant difference between wild-type
D39V and Aply. Consistent with these findings, it was recently
shown that pneumolysin promotes bacterial shedding, allowing
for transmission between hosts by induction of inflammation (Za-
far et al., 2017), suggesting that pneumolysin might be more
important for transmission, rather than for survival, in the host.

In Vitro Essential Genes Identified as Non-essential

In Vivo Highlight the Power of CRISPRIi-Seq

One advantage of CRISPRi-seq over transposon-based
genome-wide screens is the ability to evaluate the fitness of
genes that are essential under laboratory conditions. From the
performed CRISPRi-seq screens, some sgRNAs were identified
as essential in C+Y but neutral in lung infection. sgRNA0247 of
this class of sgRNAs, targeting metK, showed the most signifi-
cant fitness difference between the in vitro and in vivo condition
in both the pneumonia and IAV superinfection model (Figures 5A
and 6C). The metK gene encodes S-adenosylmethionine synthe-
tase, which catalyzes the formation of SAM from methionine and
ATP (Figure 6F). By adding SAM in the growth plates, we were
able to generate a metK deletion mutant. In line with its predicted
function, the growth defect of the metK deletion mutant in C+Y
medium could be completely rescued by addition of 1 uM
SAM (Figure 6G). Infection of mice with the metK deletion mutant
in the IAV superinfection model confirmed the observation of the
CRISPRIi-seq screen, demonstrating a non-essential role of
MetK during replication in the host (Figure 6E). The
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Figure 6. CRISPRi-Seq in the Influenza A Virus Pulmonary Pneumococcal Superinfection Model

(A) Workflow of CRISPRi-seq screen.
(B) The bacterial load in the lung at 24 hpi shows no impact of doxycycline. Horizontal bar indicates average. The inoculum used in this model is approximately 5 x

10* CFU intranasally (i.n.).

(C) Comparison of fitness cost of gene between the IAV superinfection model at 24 hpi and C+Y medium. The difference was shown as the log, fold change
between the two conditions by DEseg2 analysis, and the p values are adjusted by FDR. Labeled circles represent sgRNAs targeting genes previously shown to be

important for virulence or confirmed in the present study by mutational analysis.
(D) Workflow for the confirmation study with individual strain in the IAV superinfection model.

(E) IAV superinfection with pneumolysin deletion (Aply), capsule deletion (Acps), and metK deletion (AmetK) mutant, compared to wild-type D39V. Each dot
represents a single mouse. ** indicate significantly different bacterial loads, p < 0.05 Kruskal-Wallis one-way ANOVA. Horizontal bar indicates average.

(F) The biosynthetic pathway of SAM synthesis.

(G) Growth of the metK deletion mutant in C+Y medium supplemented with different concentrations of SAM. Mean and SEM of three replicates were shown. See

also Figure S3.
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nonessentiality of MetK during lung infection might be explained
by the presence of SAM in host tissue. Indeed, in human serum,
the SAM level was reported to be approximately 130 nM (Li
et al., 2015).

DISCUSSION

The principal contribution of this study is the development of a
concise pooled CRISPRi-seq system, aided by the establish-
ment of an sgRNA assessment algorithm, suitable for high-
throughput quantitative genetic interaction screening on
a genome-wide scale for the important human pathogen
S. pneumoniae. Here, we adopted mouse feed containing doxy-
cycline as in vivo inducer, demonstrating robust induction of the
CRISPRI system engineered in S. pneumoniae. Future research
should determine how titratable this system is in vivo, and
whether feeding by doxycycline-containing chow or direct
injection is a preferred route for precise in vivo bacterial dCas9
induction. Fine-tuned induction of the system in vivo would
also allow for the testing of virulence-related functions of
otherwise essential genes, something currently not possible
with Tn-seq approaches.

A main advantage of this concise doxycycline-inducible sys-
tem is that it can be used for in vivo studies as the library size
is small (1,499 unique sgRNAs), so bacterial loads can be low,
and sequence depth does not need to be high. Using this
system, we were able to map infection bottlenecks in a murine
model of pneumococcal pneumonia and show that as little
as 25 surviving individual bacterial cells can finally cause
systemic disease. In addition, CRISPRi-seq reveals that
there is a large within-host and between-host variability in
dealing with pneumococcal infection, strongly suggesting
that future work would benefit from a single-cell analytical
approach to study pneumococcal infection. These findings
are significant to our understanding of pneumococcal disease,
given that in humans, the majority of S. pneumoniae expo-
sures do not lead to severe disease, and disease manifesta-
tions can vary within a host over time. It would be interesting
to see which host immune response is most successful at
increasing the bottlenecks of bacterial pathogenesis (making
the bottleneck tighter), and this information might inform inno-
vative therapies.

Previous Tn-seq studies demonstrated that due to severe
bottlenecks, highly reduced library sizes were required, mak-
ing the subsequent data analysis challenging (van Opijnen
and Camilli, 2012). The beauty of the described CRISPRI-
seq platform is its efficient and precise quantification of the
bottleneck during the infection, as the pool of sgRNAs in the
uninduced system can serve as a library of neutral barcodes.
We note that CRISPRIi-seq for bottleneck exploration is most
effective if the system is tightly controllable. Although it cannot
remove the bottleneck from the screening, as that is a prop-
erty of the infection model, the data can directly inform
whether such bottlenecks exist and whether gene fitness anal-
ysis will be highly predictive. Using CRISPRi-seq, we found a
strong bottleneck in the commonly used mouse pneumonia
model, making gene fitness predictions difficult. Indeed, out
of the seven sgRNAs that showed reduced in vivo fitness
in the pooled CRISPRi-seq screen and were tested individu-
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ally, only the top hit (sgRNAO003 targeting purA) could be
confirmed (Figure 5). As CRISPRIi-seq is a competitive assay,
the fitness defect of mutants can be amplified. Determination
of the competitive index (Cl) is a highly sensitive method to
detect differences in virulence between strains; however, it
cannot determine whether a mutant is capable of causing pro-
gressive infection on its own (Cain et al., 2020). Therefore, we
used individual infections (not competitions) to confirm hits
from the CRISPRIi-seq screens, which might have led to a
reduced hit rate.

Regardless of their etiology, this study shows the existence
of large bottlenecks in the commonly studied pneumococcal
mouse pneumonia model. This finding begs the question of
how useful this small animal system is for modeling human
pneumococcal pneumonia. The presence of this strong bottle-
neck in this model limits the capability of CRISPRi-seq to iden-
tify virulence factors. Therefore, we performed CRISPRi-seq in
the influenza superinfection model to explore S. pneumoniae
genetic factors contributing to infection. We observed no bac-
terial bottleneck at 24 hpi in this model. Among the top 10 hits
of potential virulence factors identified, so far, five of
them were shown by us or in previous studies to be important
for pneumococcal virulence. Current experiments in our
laboratories are underway to test the remaining top hits for
their roles in pneumococcal virulence and will be reported
elsewhere.

Compared to traditional Tn-seq studies, the described
CRISPRI-seq approach is easier to handle in terms of library
construction, as it just requires a single PCR step. In addition,
Tn-seq does not readily allow for functional exploration of
essential genes, and there are about 400 genes in
S. pneumoniae that cannot be targeted by Tn-seq studies (Liu
et al., 2017; van Opijnen and Camilli, 2012; van Opijnen et al.,
2009). By CRISPRI-seq, we identified genes that are essential
in laboratory medium but are non-essential in the host, which
provides information to refine the list of therapeutic targets for
S. pneumoniae. For example, MetK, the SAM synthetase
involved in SAM and methionine pathways, was previously
identified as potential drug target for M. tuberculosis (Berney
et al., 2015). In contrast, our study shows that MetK is not a
promising target for pneumococcal disease, since it is not
essential in vivo.

Here, we applied CRISPRi-seq on a murine pneumonia and
IAV superinfection model as a proof-of-concept study. Future
studies might apply the CRISPRi-seq approach to other estab-
lished pneumococcal models of disease, such as the zebrafish
meningitis model and the Galleria mellanonela larvae inverte-
brate model (Cools et al., 2019; Jim et al., 2016; Rudd et al.,
2016; Saralahti et al., 2014). It would also be interesting to
perform a more detailed analysis of the infection models by
querying different infection time points and different timing for in-
duction of the CRISPRI system to obtain time-resolved and con-
centration-dependent fitness maps, which may be aided by
different doxycycline-administration routes.

In summary, the presented concise CRISPRIi-seq setup can be
used for studying pneumococcal pathogenesis. An additional
benefit of CRISPRi-seq is that it can be used for bottleneck
exploration. The library, its design rules, and the underlying bio-
informatic approaches developed here can now be expanded to
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study other infection-relevant conditions, including testing of
wild-type and knockout mouse strains and evaluation of antibi-
otics and other therapeutic interventions, and may serve as
an example for studies on other host-microbe interactions,
including human pathogens.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Bacterial Strains and Growth Conditions

Streptococcus pneumoniae D39V (Slager et al., 2018) was used as the parent strain for this study. C+Y medium (pH=6.8), and
Columbia agar or Tryptic soy agar plates supplied with 5% sheep blood were used to grow the strain and its derivatives. Working
stock of the pneumococcal cells, named as “T2 cells”, were prepared by collecting cells at OD600 0.3 and then resuspending
with fresh C+Y medium with 17% glycerol, and stored at -80°C. E. coli stbl3 (ThermoFisher) was used for subcloning of plasmids.
LB agar with 100 pg/ml spectinomycin was used to select E. coli transformants. Strains and plasmids used in this study are listed
in Table S8. The oligos used for construction of mutants and strains used in this study are listed and described in Table S9.

Mice and Organ Collection

For the murine pneumonia model, the UCSD Institutional Animal Care and Use Committee approved all animal use and procedures
(protocol number S00227M, V. Nizet). Two days prior to infection, 6-8 week old female BALB/c mice (Jackson Laboratories - 000651)
were fed control feed or 200 ppm doxycycline feed ad libitum (Envigo TD.120769, with blue food coloring), allowing serum concen-
trations of doxycycline to stabilize prior to infection (Redelsperger et al., 2016). Bacterial libraries were grown in vitro in C+Y medium
in the absence of selection (i.e. no doxycycline) to an ODggg of 0.4, sonicated for 3 seconds to break up chains of bacteria, and then
resuspended in PBS at a concentration of 1 x 108 CFU per 30 uL. Mice were anesthetized with 100 mg/kg ketamine and 10 mg/kg
xylazine (intraperitoneal administration), vocal cords were visualized with an otoscope and 30 ul bacteria was delivered into the lungs
by pipetting. Mice were returned to the same cages after infection, containing doxycycline or control feed. At 24 or 48 hpi, mice were
euthanized via CO, asphyxiation, lungs were dissected and homogenized in 1 mL PBS, while blood was collected by cardiac punc-
ture in the presence of EDTA to prevent clotting. Following tissue harvest, lung homogenate or blood was diluted in 15 ml C+Y me-
dium (without selection), incubated at 37°C with 5% CO, until cultures reached an ODggg of 0.4. Samples were then pelleted and
frozen before subsequent gDNA isolation and sequencing. For the comparison of fitness between murine pneumonia model and
C+Y medium, see Table S5. The confirmation assays were performed with wild-type and mutant strains in a similar way. Specifically,
for confirmation assays, mice were all fed with control feed, and the bacterial load at lung were numerated by plating the lung ho-
mogenate or its dilutions onto Tryptic soy agar plate supplied with 5% sheep blood and incubation overnight.

Superinfection experiments complied with national, institutional and European regulations and ethical guidelines, were approved
by our Institutional Animal Care and Use Committee (animal facility agreement C59-350009, Institut Pasteur de Lille; reference: APA-
FIS#5164, protocol 2015121722429127_v4, J.C. Sirard) and were conducted by qualified, accredited personnel. Male C57BL/6JRj
mice (6-8 weeks old) (Janvier Laboratories, Saint Berthevin, France, or Envigo, Huntingdon, UK) were maintained in individually venti-
lated cages (Innorack® IVC Mouse 3.5) and handled in a vertical laminar flow biosafety cabinet (Class Il Biohazard, Tecniplast). Prior
to infections by intranasal (i.n.) route, each mouse was anesthetized by intraperitoneal injection of 1.25 mg of ketamine plus 0.25 mg
of xylazine in 250 ul of PBS. On day 1, flu infection is performed intranasally (i.n.) with 50 plague-forming units (PFU) of the pathogenic,
murine-adapted H3N2 influenza A virus strain Scotland/20/74 in 30 ul of PBS (lvanov et al., 2013; Matarazzo et al., 2019). On day 7,
S. pneumoniae infection is done i.n with frozen working stocks of S. pneumoniae at 5 x 10* CFU (single strain) or 5 x 10° CFU (CRISPRi
library) in 30 pl of PBS as described previously (Mufioz et al., 2010). In CRISPRi experiments, mice remained on control diet or were
provided a diet supplemented with doxycycline (200 mg/kg, Ssniff Spezialdiaten GmbH) on day 3 post-flu infection (4 days prior to
pneumococcal infection). At 24 h post-pneumococcal infection, mice were euthanized by intraperitoneal injection of 5.47 mg of so-
dium pentobarbital in 100 ul of PBS and lungs were sampled in 1 mL PBS. Lung homogenates were plated to evaluate CFU counts or
mixed with deoxyribonuclease | (10 ng/ml, Sigma-Aldrich) and filtered through 100 pm and 40 um meshes, centrifuged at 16,000 g
and bacterial genomic DNA was extracted using NucleoSpin Microbial DNA (Macherey-Nagel) for further analysis. The high bacterial
load at 24 hpi enabled us to compare two ways of sample preparation: 1) culturing bacteria isolated from tissue in medium before
collection and genomic DNA isolation; 2) direct isolation of genomic DNA of bacteria from the lung tissue. The sequencing data
showed that there was no significant difference between the two methods, as the samples clustered according to the treatment
but not to the way of sample collection in the PCA analysis (Figure S3A), and the sgRNA distribution was very similar between the
two approaches (Figure S3B).

METHOD DETAILS

Construction of A Doxycycline Inducible CRISPRi System in S. pneumoniae D39V

The doxycycline inducible CRISPRi system was constructed based on our previously published IPTG-inducible CRISPRi system in
S. pneumoniae (Liu et al., 2017) and a newly developed pneumococcal tet-inducible platform (Sorg et al., 2020). First, a constitutively
expressed pneumococcal codon-optimized tetR driven by promoter PF6 was amplified from D-T-PEP9Ptet (Sorg et al., 2020) and
integrated into the chromosome at the prs7 locus in D39V strain, resulting in strain VL2210. Three fragments were assembled to make
the Ptet-dcas9 construct for integration at the bgaA locus. Fragment 1 containing upstream of bgaA and tetM was amplified from
DCI23 (Liu et al., 2017) and digested with Xbal; fragment 2 containing tet-inducible promoter PT4-1, here named Ptet, was amplified
from plasmid pPEP8T4-1 (Sorg et al., 2020), and digested with Xbal/Notl; fragment 3 containing the coding region of dcas9 and
downstream of bgaA locus was amplified from strain DCI23 and digested with Notl. The three fragments were then ligated followed
by transformation into VL2210 by selecting with 1 ng/ml tetracycline, resulting in strain VL2212.
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Construction of the Dual Fluorescent Reporter Strain and Confocal Microscopy

The codon optimized mNeonGreen was digested from pASR110 (pPEPZ-Plac-mNeonGreen) with Bglll and Xhol and cloned into
pPEPY-Plac (Keller et al., 2019), followed by transformation into strain VL2212, resulting in strain VL2339. The DNA fragment for
insertion of hipA-mScarlet-I was amplified from strain VL1780 (Kurushima et al., 2020) and transformed into VL2339, resulting in
the final dual fluorescent reporter strain VL2351. To verify doxycycline levels were sufficient in vivo to induce inhibition via CRISPRi,
mice were switched to feed containing doxycycline (or control feed) two days prior to infection, and then infected with the reporter
strain via intra-tracheal infection, during which time mice remained on doxycycline feed (or control feed). At 48 h post infection, whole
blood was collected via cardiac puncture followed by hypotonic lysis of red blood cells and subsequent resuspension of remaining
cells in PBS. Samples were placed on a glass slide, heat fixed, and mounted in Cytoseal. Slides were imaged using a Leica TCS SPE
Confocal microscope with a 63X objective, LAS X acquisition software, and processed using FIJI (Schindelin et al., 2012).

Construction of Knockout and Complementary Mutants in S. pneumoniae

The erythromycin resistant marker, encoded by eryR, was used as selection marker for the knockout mutants. Three fragments were
assembled by Golden Gate cloning with either Bsal or BsmBI for each knockout mutant: Fragment 1 containing upstream of the
target gene including its promoter sequence; fragment 2 containing eryR coding region with RBS; fragment 3 containing downstream
of the target gene. The assembled DNA fragment was then transformed into D39V with 0.5 ug/ml erythromycin for selection. Notice
that for making the AmetK strain, 10 uM SAM was supplemented in the agar plate. To make the complementary strains, the target
gene with its native promoter was amplified from genomic DNA of D39V and ligated with upstream and downstream homologous
fragments of the ZIP locus (Keller et al., 2019) followed by transformation into the knockout mutant with 100 ug/ml spectinomycin
for selection. Primers used here are listed in Table S9.

Construction of the Pooled CRISPRi Library
Construction of Vector pPEPZ-sgRNAclone
Integration vector pPEPZ (Keller et al., 2019) was used as backbone. A gBlock containing lllumina read 1 sequence, P3 promoter,
mCherry flanked by BsmBl sites, dCas9 handle binding and terminator region of sgRNA, llluminaread 2 sequence, 8 bp lllumina index
sequence and P7 adaptor sequence in order, was synthesized by Integrated DNA Technologies (IDT). In this design, mCherry pro-
vides the sgRNA base-pairing cloning sites and will be replaced with 20 bp specific sequences for targeting different genes. The II-
lumina sequences across the sgRNA cloning sites work as primer binding handles for one-step PCR amplification of the sgRNA
sequence, in order to prepare amplicon library for lllumina sequencing. For the Sequence (5’-3’) of the gBlock, see below.

GATCTAGCAGATCTGAGAGGATCCCCATTCTACAGTTTATTCTTGACATTGCACTGTCCCCCTGGTATAATAACTATATGAGACG
AGGAGGAAAATTAATGAGCAAAGGAGAAGAAGATAACATGGCAATCATCAAAGAATTTATGCGTTTCAAAGTTCACATGGAAGGTT
CTGTAAACGGACACGAATTTGAAATTGAAGGTGAAGGTGAAGGCCGTCCTTATGAAGGAACACAAACGGCAAAGCTGAAAGTAAC
AAAAGGCGGACCGCTTCCGTTTGCATGGGATATCCTTTCTCCGCAATTCATGTACGGTTCAAAAGCATACGTGAAGCATCCGGCT
GATATTCCTGATTATTTGAAGCTGTCATTCCCTGAAGGCTTCAAATGGGAGCGTGTGATGAACTTTGAAGATGGCGGTGTTGTTAC
TGTTACTCAAGATTCAAGCCTTCAAGACGGTGAATTTATTTACAAAGTGAAGCTGCGCGGAACAAACTTCCCATCTGACGGACCTG
TCATGCAAAAGAAAACAATGGGCTGGGAAGCAAGCTCTGAACGCATGTATCCAGAGGACGGTGCTTTAAAAGGAGAAATCAAACA
GCGTTTGAAGCTGAAAGACGGCGGACACTATGACGCTGAAGTGAAAACAACTTACAAAGCGAAAAAGCCGGTTCAGCTTCCAGGT
GCTTACAACGTAAACATCAAACTTGATATTACAAGCCACAATGAAGATTATACGATTGTTGAACAATATGAACGCGCTGAAGGCCG
TCATTCAACTGGCGGAATGGATGAGCTTTACAAATAACGTCTCGGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCTGTCTCTTATACACATCTCCGAGCCCACGAGACT
AAGGCGAATCTCGTATGCCGTCTTCTGCTTGCTCGAGGCGTATCTAGACGAGATC

The gBlock was digested with BamHI/Xholl, and then ligated with BamHI/Xholl digested pPEPZ, followed by transformation into
E. coli stbl3 selected with 100 ng/ml spectinomycin. The E. coli strain with this vector forms bright red colonies. The vector pPEPZ-
sgRNAclone was deposited at Addgene (catalog #141090).
Selection of sgRNAs
Primary operons (pTSS operons) were annotated in S. pneumoniae D39V strain in a previous study (Slager et al., 2018). First, for all
the identified pTSS operons, one sgRNA targeting the non-template strand with high specificity and close proximity to the pTSS was
designed for each operon. However, the pTSS operons cover only about 65% of the genetic elements of S. pneumoniae D39V. For
genes that are not covered by pTSS operons, one sgRNA was selected for each gene. S. pneumoniae has multiple types of repeat
regions, such as BOX elements, Repeat Units of the Pneumococcus (RUP), SPRITEs and IS elements (Slager et al., 2018). There are
some sgRNAs targeting genes located in repeat regions, and as such these sgRNAs have multiple targeting sites. The sgRNAs and
targets are listed in Table S1. Post-hoc target identification, including off-target sites, was performed with a custom R script (https://
github.com/veeninglab/CRISPRi-seq), of which the results are shown in Table S2 and analyzed separately (https://www.veeninglab.
com/crispri-seq, “Pneumococcal sgRNA library efficiency exploration”).
Cloning of sgRNAs by Golden Gate Assembly
Two oligos were designed for each sgRNA (Figure 2). The two oligos were then annealed in TEN buffer (10 mM Tris, 1 mM EDTA,
100 mM NaCl, pH 8) in a thermocycler, 95°C for 5 minutes followed by slowly cooling down to room temperature. The annealed oligos
were then pooled together at equimolar concentration, followed by phosphorylation with T4 polynucleotide kinase (New England Bio-
labs). The vector pPEPZ-sgRNAclone was digested with BsmBI and carefully purified by gel extraction to ensure removal of the
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mCherry fragment. The annealed oligos and digested pPEPZ-sgRNAclone were then ligated with T4 ligase, followed by transforma-
tion into E. coli stbl3 and selected with 100 ng/ml spectinomycin on LB agar plates. In total, more than 70,000 individual transformant
colonies were obtained and collected, providing about a 50-fold theoretical coverage of the 1499 sgRNAs. No red colonies were visu-
ally present, indicating a very low false positive rate of the cloning. The oligos for cloning of sgRNAs are listed in Table S9.

Construction of the Pooled CRISPRi Library in S. pneumoniae D39V

Plasmids from the E. coli library with the sgRNA pool were isolated, and transformed into CSP-induced competent S. pneumoniae
VL2212 (this study) and DCI23 (Liu et al., 2017) to construct doxycycline-inducible and IPTG-inducible CRISPRI libraries, respec-
tively. More than 107 individual transformant colonies were obtained and collected for both of the strains.

sgRNA Library Target and Efficiency Evaluation

All potential sgRNA binding sites on the S. pneumoniae D39V genome were identified using the R package CRISPRseek (Zhu et al.,
2014), taking into account PAM presence and allowing up to eight mismatches between spacers and genome. We set the maximum
number of allowed mismatches to eight, because of (1) the exponential growth of computation time with this parameter and (2) any
potential effect on a site with >8 mismatches was assumed to be negligible. The S. pneumoniae D39V genome (Slager et al., 2018)
was downloaded from NCBI (CP027540.1) and read into R using the biomartr package (Drost and Paszkowski, 2017). All identified
binding sites can be found in Table S2.

In addition to the standard CRISPRseek output, we assessed for each binding site if it overlapped with any genetic element an-
notated with a locus_tag key in the GFF file on the non-template (NT) strand. If any, the locus tag was added to the table (“NTgene”),
as well as which part of the sgRNA corresponding to that binding site was overlapping (“coverPart”: complete, 5‘- or 3‘-end) and with
how many base pairs (“coverSize”) including the PAM. In case one binding site overlapped multiple annotated elements, both were
inserted as a row in the table, with matching “site” numbers.

Furthermore, we estimated the relative retained repression activity (“reprAct”) of each sgRNA binding site compared to a hypo-
thetical zero-mismatch binding site on the same locus, based on the mismatches with the sgRNA spacer. Retained repression ac-
tivity depends on both the number and the within-spacer position of mismatches (Qi et al., 2013). Furthermore, the retained activity for
an sgRNA with two adjacent mismatches appears to be the product of their individual retained scores, relative to a zero-mismatch
silencing effect (Qi et al., 2013). We assumed this multiplication principle also holds for >2 and non-adjacent mismatches. Therefore,
we computed per sgRNA, per binding site, the expected repression activity as the product of the nucleotide-specific retained activity
scores as reported by Qi et al. (2013), estimated from their Figure 5D and averaged over the three intra-spacer regions they defined
(Qietal., 2013). The resulting score represents the estimated retained repression activity of the sgRNA on the binding site, relative to a
hypothetical zero-mismatch binding site for the same sgRNA on the same chromosomal locus, on the [0,1] interval.

According to this method, the maximum repression effect of any site with >8 mismatches would be 0.77% of the hypothetical zero-
mismatch effect. This was indeed considered negligible, supporting our decision to only consider sgRNA binding sites with eight mis-
matches or less.

Lastly, we added to the table the relative distance of the binding site to the start codon of the genetic element it binds to, if any
(“dist2SC”). This distance is normalized to the [0,1] interval using feature scaling, where a distance of 0 means binding on the start
codon or partially overlap with the 5’-end of the element, and a distance of 1 means binding at or partial overlap with the far 3’-end of
the element. Smaller distances are associated with more efficient transcription repression (Qi et al., 2013).

The custom R script used to produce this table can be found on GitHub (https://github.com/veeninglab/CRISPRi-seq). The script is
written in a generic way, allowing to run the complete pipeline described above for any given NCBI genome, as we did for
S. pneumoniae strains TIGR4 (AE005672.3), R6 (AE007317.1), Hungary19A-6 (CP000936.1), Taiwan19F-14 (CP000921.1), 11A
(CP018838.1) and G54 (CP001015.1). Results tables and analysis of these genomes can be found on the Veeninglab website
(https://www.veeninglab.com/crispri-seq).

CRISPRi-seq Screen in Laboratory Medium

The screen was done over approximately 21 generations of growth in triplicates. The pooled libraries were grown in C+Y medium at
37°C to ODsg5=0.3 as preculture. Then, the precultures were diluted 1:100 into C+Y medium with or without inducer, 1 mM IPTG or
10 ng/ml doxycycline. When ODsg5 reached 0.3, cultures were diluted into fresh medium by 1:100 again. Another 1:100 dilution was
done in the same fashion, so in total three times of 1:100 dilution, ensuring about 21 generations of induction and competition
(doubling time of approximately 26 min). The multiple dilutions with fresh medium were performed to make sure that bacteria stay
in exponential phase during the treatment to prevent stationary phase-induced autolysis. Bacteria were collected when
ODg0o=0.3 after the third dilution, and the pellets were used for gDNA isolation with the Wizard Genomic DNA Purification Kit (Prom-
ega) as described previously (Liu et al., 2017). The fitness evaluated by IPTG- or doxycycline- inducible library is listed in Table S3.

Library Preparation, Sequencing and Data Analysis

The lllumina libraries were prepared by one-step PCR with oligos listed in Table S9. The isolated gDNAs of S. pneumoniae were used
as template for PCR. The index 1, index 2 and adapter sequence were introduced by this one-step PCR. N701-N712 were used as
index 1, and N501-N508 were used as index 2 (illumine barcodes). For the sequence of the amplicon, see below.
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AATGATACGGCGACCACCGAGATCTACACTAGATCGC(N501) TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCATTCTAC
AGTTTATTCTTGACATTGCACTGTCCCCCTGGTATAATAACTATANNNNNNNNNNNNNNNNNNNNGTTTAAGAGCTATGCTGGAAA
CAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCTGTCTCTTATACAC
ATCTCCGAGCCCACGAGACTAAGGCGA(N701)ATCTCGTATGCCGTCTTCTGCTTG

Note that we used i5 (N501) and i7 (N701) as example barcodes to show the amplicon sequence. The highlighted 20N represents
the base-pairing region of sgRNAs. For full annotation of the amplicon, please refer to “CRISPRi-seq amplicon.dna” file on https://
www.veeninglab.com/crispri-seq.

For each 50 pl of PCR reaction, 4 ug of gDNA was used as input template, which enables us to obtain sufficient PCR products with
as little as 8 cycles of PCR. In addition, we have tested 10 cycles, 20 cycles and 30 cycles of PCR reaction, and no significant dif-
ference was observed (data not shown), indicating no detectable bias introduced by PCR. The amplicons (304 bp) were then purified
from a 2% agarose gel. Concentrations of amplicons were then determined by a Qubit assay (Q32854, ThermoFisher Scientific). Pu-
rified amplicons were sequenced on a MiniSeq (lllumina) with a custom sequencing protocol. The first 54 cycles for sequencing of
common sequence of amplicons were set as dark cycles, and the following 20 cycles were used for sequencing of the diversified
base-pairing region of sgRNA. The fastq files generated from sequencing are uploaded to the Sequence Read Archive (SRA) on
NCBI with accession number PRINA611488.

The 20 bp base-pairing sequences were trimmed out from read 1 according to their position with Trimmomatic Version 0.36 (Bolger
et al., 2014). To map the sgRNA sequences, a pseudogenome containing all the sgRNA sequences was prepared, and the sgRNA
sequences on the pseudogenome were annotated with sgRNA numbers, 1 to 1499. Then the trimmed reads were mapped to the
pseudogenome with Bowtie 2 (Langmead and Salzberg, 2012). The sgRNAs were counted with featureCounts (Liao et al., 2014),
all the resulting raw counts are shown in Table S7. The count data of sgRNAs were then analyzed with the DESeq2 package in R
(Love et al., 2014) for evaluation of fithess cost of each sgRNA. We tested against a log2FC of 1, with an alpha of 0.05. Whenever
log2FC are visualized or reported, these are shrunk with the apeglm method (Zhu et al., 2019). The R script used for analysis is avail-
able at https://github.com/veeninglab/CRISPRIi-seq. The size of infection bottlenecks was calculated as reported previously (Abel
et al., 2015b). The in vivo doubling time of S. pneumoniae used in the calculation was based on a previous Tn-seq study (van Opijnen
and Camilli, 2012) as 108 minutes.

Growth and Luciferase Assays

For Figures 1B, 6A, and 6F, the working stock of each mutant, T2 cells, were thawed and diluted 1:100 into fresh C+Y medium, or C+Y
medium with doxycycline at different final concentrations, or with different concentrations of S-(5’-Adenosyl)-L-methionine (A7007,
Sigma Aldrich), as the initial cell culture. For Figure 6D, the T2 cells were thawed and diluted 1:100 into fresh Blood Like Medium
(BLM) without nucleobases solution, or supplemented with individual nucleobases component (adenine, adenosine, guanine, uracil,
uridine and xanthine), or with all the components (Aprianto et al., 2018). Then 300 pl of the initial culture was aliquoted into each well of
96-well plates with 3 replicates. Cell density were monitored by measuring OD595 every 10 minutes with a Tecan Spark microtiter
plate reader at 37°C. Luciferase assay (Figure 1B) was performed as previously described (Liu et al., 2017). Luciferin (D-Luciferin so-
dium salt, SYNCHEM OHG) was added into C+Y medium at final concentration of 450 ng/ml as substrate of the luciferase. Lumines-
cence signals were measured every 10 minutes with a Tecan Spark microtiter plate. Growth and luciferase activity curves were
plotted with Prism 8 as described previously (Sorg and Veening, 2015).

Bottleneck Population Size Estimation

The size of infection bottlenecks was calculated as reported previously (Abel et al., 2015b). The doubling time of S. pneumoniae used
in the calculation was based on a previous Tn-seq study (van Opijnen and Camilli, 2012) as 108 minutes. To calculate the bottleneck
size (Np), we assume that the changes in sgRNA frequencies in the mice without doxycycline treatment are introduced by random
survival of S. pneumoniae that pass through a population bottleneck. The equations we used for calculation of bottleneck size are
described in a previous study (Abel et al., 2015b).

E_15~ (s —f,-,o)22
k i=1 f/.a(1 7fi,0)
And
g
Nb ==
F-g-4

where k is the total number of distinct alleles, here is the number of sgRNAs in the library; f; o the frequency of sgRNAi at time 0, f; s the
frequency of sgRNA/J at sampling, g the number of generations during infection, and Sg and S the number of sgRNA reads at time 0 or
at sampling, respectively. The data used for this calculation are in Table S7.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses were performed with GraphPad Prism (v8.0) and R (v3.6.1). Data shown in plots are averages of at least 3 replicates
with SEM. For animal infection assays, at least 5 mice were used for each group, and differences were determined using the Mann-
Whitney U test for comparing two groups, Kruskal-Wallis test with Dunn’s post-analysis for comparing multiple groups. P values were
stated in the figure legends. Sample size and statistical tests are also reported in the figure legends.

ADDITIONAL RESOURCES

Code, output and analyses for sgRNA library evaluation on any given genome: https://veeninglab.com/crispri-seq
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