


while multiple bands with a size smaller than 15 kDa appeared.

TA of S. pneumoniae, including wall teichoic acid (WTA) and

membrane-anchored lipoteichoic acid (LTA), are polymers with

identical repeating units (RU) (Fischer et al, 1993). Addition of one

RU can lead to about a 1.3 kDa increase in molecular weight

(Gisch et al, 2013). Interestingly, the weight interval between the

extra smaller bands from bacterial cells with depleted SPD_1197 or

SPD_1198 seemed to match the molecular weight of the RU,

suggesting that SPD_1197 and SPD_1198 play a role in TA precur-

sor polymerization. Although repression of the genes associated

with peptidoglycan synthesis (murT, gatD and pbp2x) made the 4

main TA bands weaker, the pattern of the TA bands was not

changed. Likely, the reduction in the TA of these three strains is

due to the reduction in peptidoglycan, which constitutes the anchor

for wall TA. Additionally, a CRISPRi strain targeting tarI of the lic1

locus, which is involved in an early step of TA precursor synthesis,

was included as a control. Note that tarI is cotranscribed with the

other four genes of the lic1 locus, including tarJ, licA, licB, and

licC. Likely, CRISPRi knockdown of tarI will repress transcription

of the entire lic1 locus and thus block the synthesis of TA precur-

sors. In line with this, we observed a reduction in the total amount

of teichoic acid chains when tarI was repressed by CRISPRi

(Appendix Fig S14).

The TA chains of S. pneumoniae are thought to be polymerized

before they are transported to the outside of the membrane by the

flippase TacF (Damjanovic et al, 2007), and so far it is not known

A

B

C

Figure 6. The ATPase ClpX and the ClpP protease repress competence development.

A Regulatory network of the competence pathway. Competence is induced when the comC-encoded competence-stimulating peptide (CSP) is recognized, cleaved, and
exported by the membrane transporter (ComAB). Accumulation of CSP then stimulates its receptor (membrane-bound histidine-kinase ComD), which subsequently
activates ComE by phosphorylation, which in turn activates the expression of the so-called early competence genes. One of them, comX, codes for a sigma factor,
which is responsible for the activation of over 100 competence genes, including those required for transformation and DNA repair. Here, we show that the ATPase
subunit ClpX works together with the protease ClpP, repressing competence, probably by negatively controlling the basal protein level of the competence regulatory
proteins, but the exact mechanism is unknown (question mark).

B Repression of clpP or clpX by CRISPRi triggers competence development. Activation of competence system is reported by the ssbB_luc transcriptional fusion. Detection
of competence development was performed in C+Y medium at a pH in which natural competence of the wild-type strain is uninduced. IPTG was added to the
medium at the beginning at different final concentrations (0, 5 lM, 10 lM, 100 lM, 1 mM). Cell density (OD595) and luciferase activity of the bacterial cultures were
measured every 10 min. The values represent averages of three replicates with SEM.

C Influence of repression of clpP, clpX, clpC, clpL, and clpE on competence development. AUC (area under the curve) of the relative luciferase expression curve in panel (B) (1 mM
IPTG and no IPTG) and Fig EV5 was calculated and used to represent the competence development signal. The values represent averages of three replicates with SEM.
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which protein(s) function(s) as TA polymerase (Denapaite et al,

2012). In line with SPD_1198 being the TA polymerase, homology

analysis shows that it contains a predicted polymerase domain. The

large cytoplasmic part of SPD_1197 may aid in the assembly of the

TA biosynthetic machinery by protein–protein interactions

(Denapaite et al, 2012). Together, we here show that SPD_1197 and

SPD_1198 are essential for growth and we suggest that they are

responsible for polymerization of TA chains (Fig 5F). Consistent

with the nomenclature used for genes involved in TA biosynthesis,

we named spd_1198 tarP (for teichoic acid ribitol polymerase) and

spd_1197 tarQ (in operon with tarP, sequential alphabetical order).

Whether TarP and TarQ interact and function as a complex remains

to be determined.

The essential ATPase ClpX and the protease ClpP repress
competence development

We wondered whether we could also employ CRISPRi to probe

gene regulatory networks in which essential genes play a role. An

important pathway in S. pneumoniae is development of compe-

tence for genetic transformation, which is under the control of a

well-studied two-component quorum sensing signaling network

(Claverys et al, 2009). Several lines of evidence have shown that

the highly conserved ATP-dependent Clp protease, ClpP, in associ-

ation with an ATPase subunit (either ClpC, ClpE, ClpL, or ClpX),

is involved in regulation of pneumococcal competence

(Charpentier et al, 2000; Chastanet et al, 2001) (Fig 6A). Identifi-

cation of the ATPase subunit responsible for ClpP-dependent

repression of competence was hampered because of the essential-

ity, depending on the growth medium and laboratory conditions,

of several clp mutants including clpP and clpX (Chastanet et al,

2001). To address this issue, we employed CRISPRi and

constructed sgRNAs targeting clpP, clpC, clpE, clpL, and clpX.

Competence development was quantified using a luc construct,

driven by a competence-specific promoter (Slager et al, 2014). As

shown in Fig 6B, when expression of ClpP or ClpX was repressed

by addition of IPTG, competence development was enhanced,

while depleting any of the other ATPase subunits (ClpC, ClpE, and

ClpL) had no effect on competence (Figs 6C and EV5). This shows

that ClpX is the main ATPase subunit responsible for ClpP-

dependent repression of competence.

Discussion

Here, we developed an IPTG-inducible CRISPRi system to study

essential genes in S. pneumoniae (Fig 1). In addition, we adopted a

simple and efficient one-step sgRNA engineering strategy using infu-

sion cloning. This approach resulted in ~89% positive sgRNA clones

after a single round of transformation, thus enabling high-

throughput cloning of sgRNAs.

Growth analysis of the CRISPRi strains targeting the 348 poten-

tially essential genes showed that individual repression of 73% of

the targeted genes led to growth phenotypes, using a stringent cutoff

for phenotype detection (Figs 2B and C, and EV2). There could be

several reasons why CRISPRi knockdown of the remaining 94 genes

did not cause a detectable growth phenotype. Tn-seq sometimes

incorrectly assigns an essential function to non-essential genes (van

Opijnen et al, 2009; van Opijnen & Camilli, 2013). Also, Tn-seq

relies on a round of growth on blood agar plates, while our CRISPRi

phenotypes were only assayed in liquid C+Y medium. Additionally,

we used stringent cutoffs for phenotype definition, which will miss

genes with mild growth or lysis phenotypes. Certain genes might

also not be repressed well enough by CRISPRi to show a phenotype

(in case of stable proteins that only require a few molecules for

growth). This can be for instance caused when the sgRNA targets a

PAM site far away from the transcription start site, when there is

poor access of the sgRNA-dCas9 complex to the target DNA or when

there are polar effects within the operon alleviating the essentiality.

We can also not exclude a suppressor mutation arising in some of

the “No phenotype” CRISPRi strains, as most CRISPRi knockdowns

with growth phenotypes eventually grew out to the same final OD

and contain a loss-of-function mutation in the coding sequence of

dcas9 (Fig EV4).

Based on analysis of the CRISPRi knockdowns, several previously

“hypothetical” genes could be functionally characterized and anno-

tated. For instance, combined with BlastP analysis and determination

of oriC-ter ratios, we could annotate the pneumococcal primosomal

machinery, including DnaA, DnaB, DnaC, DnaD, DnaG, and DnaI

(Table 1, Appendix Figs S2 and S12). Note that spd_2030 (dnaC)

was mis-annotated as dnaB in several databases, such as in NCBI

(ProteinID: ABJ54728), KEGG (Entry: SPD_2030), Uniprot (Entry:

A0A0H2ZNF7), which may be due to the different naming of primo-

somal proteins in E. coli and Bacillus subtilis (Smits et al, 2011;

Briggs et al, 2012). By characterizing CRISPRi-based knockdowns

with cell morphology defects, we identified four essential cell wall

biosynthesis genes (murT, gatD, tarP, and tarQ), which are promis-

ing candidates for future development of novel antimicrobials.

This work and other studies highlight that high-throughput

phenotyping by CRISPRi is a powerful approach for hypothesis-

forming and functional characterization of essential genes (Peters

et al, 2016). We also show that CRISPRi can be used to unravel gene

regulatory networks in which essential genes play a part (Fig 6).

While we shed light on the function of just several previously

uncharacterized essential genes, the here-described library contains

richer information that needs to be further explored. In addition,

CRISPRi screens can be used for mechanism of action (MOA) stud-

ies with new bioactive compounds. Indeed, CRISPRi was recently

successfully employed to show that B. subtilis UppS is the molecular

target of compound MAC-0170636 (Peters et al, 2016). We antici-

pate that the here-described pneumococcal CRISPRi library can

function as a novel drug target discovery platform, can be applied to

explore host–microbe interactions, and will provide a useful tool to

increase our knowledge concerning pneumococcal cell biology.

Materials and Methods

Strains, growth conditions, and transformation

Oligonucleotides are shown in Dataset EV4 and strains in

Appendix Table S1. Streptococcus pneumoniae D39 and its deriva-

tives were cultivated in C+Y medium, pH = 6.8 (Slager et al,

2014) or Columbia agar with 2.5% sheep blood at 37°C. Transfor-

mation of S. pneumoniae was performed as previously described

(Martin et al, 2000), and CSP-1 was used to induce competence.
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Transformants were selected on Columbia agar supplemented

with 2.5% sheep blood at appropriate concentrations of antibi-

otics (100 lg/ml spectinomycin, 250 lg/ml kanamycin, 1 lg/ml

tetracycline, 40 lg/ml gentamycin, 0.05 lg/ml erythromycin).

For construction of depletion strains with the Zn2+-inducible

promoter, 0.1 mM ZnCl2/0.01 mM MnCl2 was added to induce

the ectopic copy of the target gene (mentioned as 0.1 mM Zn2+

for convenience). Working stock of the cells, called “T2 cells”,

were prepared by growing the cells in C+Y medium to OD600 0.4,

and then resuspending the cells with equal volume of fresh

medium with 17% glycerol.

Escherichia coli MC1061 was used for subcloning of plasmids,

and competent cells were prepared by CaCl2 treatment. The E. coli

transformants were selected on LB agar with appropriate concentra-

tions of antibiotics (100 lg/ml spectinomycin, 100 lg/ml ampi-

cillin, 50 lg/ml kanamycin).

Construction of an IPTG-inducible CRISPRi system
in S. pneumoniae

Streptococcus pyogenes dcas9 (dcas9sp) was obtained from Addgene

(Addgene #44249, Qi et al, 2013) and subcloned into plasmid

pJWV102 (Veening laboratory collection) with the IPTG-inducible

promoter Plac (Sorg, 2016) replacing PZn, resulting in plasmid

pJWV102-Plac-dcas9sp. pJWV102-Plac-dcas9sp was integrated into

the bgaA locus in S. pneumoniae D39 by transformation. To control

Plac expression, a codon-optimized E. coli lacI gene driven by the

constitutive promoter PF6 was inserted at the prsA locus in S. pneu-

moniae D39 (Sorg, 2016), leading to the construction of strain

DCI23. DCI23 was used as the host strain for the insertion of gene-

specific sgRNAs and enables the CRISPRi system. The DNA frag-

ment encoding the single-guide RNA targeting luciferase (sgRNAluc)

was ordered as a synthetic DNA gBlock (Integrated DNA Technolo-

gies) containing the constitutive P3 promoter (Sorg et al, 2015). The

sgRNAluc sequence is transcribed directly after the +1 of the

promoter and contains 19 nucleotides in the base-pairing region,

which binds to the non-template (NT) strand of the coding sequence

of luciferase, followed by an optimized single-guide RNA (Chen et al,

2013) (Fig EV1A). Then, the sgRNAluc with P3 promoter was cloned

into pPEP1 (Sorg et al, 2015) with removing the chloramphenicol

resistance marker (pPEPX) leading to the production of plasmid

pPEPX-P3-sgRNAluc, which integrates into the region between amiF

and treR of S. pneumoniae D39. The pPEPX-P3-sgRNAluc is used as

the template for generation of other sgRNAs by infusion cloning or by

the inverse PCR method. The lacI gene with gentamycin resistance

marker and flanked prsA regions was subcloned into pPEPY (Veening

laboratory collection), resulting in plasmid pPEPY-PF6-lacI. This

plasmid can be used to amplify lacI and integrate it at the prsA locus

while selecting for gentamycin resistance. The entire pneumococcal

CRISPRi system, consisting of plasmids pJWV102-Plac-dcas9sp,

pPEPY-PF6-lacI, and pPEPX-P3-sgRNAluc, is available from Addgene

(ID 85588, 85589, and 85590, respectively).

Selection of essential genes

To identify each gene’s contribution to fitness for basal level growth,

we performed Tn-seq in S. pneumoniae D39 essentially as described

before (Zomer et al, 2012; Burghout et al, 2013), but with growing

cells in C+Y medium at 37°C. Possibly essential genes were identified

using ESSENTIALS (Zomer et al, 2012). Based on that, we included

all the identified essential genes and added extra essential genes

identified in serotype 4 strain TIGR4 (van Opijnen et al, 2009; van

Opijnen & Camilli, 2012). Note that in the Tn-seq study of 2012, fit-

ness of each gene under 17 in vitro and 2 in vivo conditions was deter-

mined and genes were grouped into different classes (van Opijnen &

Camilli, 2012). Finally, 391 genes were selected (Dataset EV1).

Oligonucleotides for the CRISPRi library

The 20-nt guide sequences of the sgRNAs targeting different genes

were selected with CRISPR Primer Designer (Yan et al, 2015).

Briefly, we searched within the coding sequence of each essential

gene for a 14-nt specificity region consisting of the 12-nt “seed”

region of the sgRNA and GG of the 3-nt PAM (GGN). sgRNAs with

more than one binding site within the pneumococcal genome, as

determined by a BLAST search, were discarded. Next, we took a

total length of 21 nt (including the +1 of the P3 promoter and 20 nt

of perfect match to the target) and the full-length sgRNA’s

secondary structure was predicted using ViennaRNA (Lorenz et al,

2011), and the sgRNA sequence was accepted if the dCas9 handle

structure was folded correctly (Larson et al, 2013). We chose the

guide sequences as close as possible to the 50 end of the coding

sequence of the targeted gene (Qi et al, 2013). The sequences of the

sgRNAs (20 nt) are listed in Dataset EV3.

Cloning of sgRNA

We used infusion cloning instead of inverse PCR recommended by

Larson et al (2013) because significantly higher cloning efficiencies

were obtained with infusion cloning. Two primers, sgRNA_inF_plas-

mid_linearize_R and sgRNA_inF_plasmid_linearize_F, were

designed for linearization of plasmid pPEPX-P3-sgRNAluc. These

two primers bind directly upstream and downstream of the 19-bp

guide sequence for luc. To fuse the 20-nt new guide sequence into

the linearized vector, two 50-nt complementary primers were

designed for each target gene. Each primer contains 15 nt at one

end, overlapping with the sequence on the 50 end of the linearized

vector, followed by the 20-nt specific guide sequence for each target

gene; and 15 nt overlapping with the sequence on the 30 end of the

linearized vector (Fig EV2A). The two 50-nt complementary primers

were annealed in TEN buffer (10 mM Tris, 1 mM EDTA, 100 mM

NaCl, pH 8) by heating at 95°C for 5 min and cooling down to room

temperature. The annealed product was fused with the linearized

vector using the Quick-Fusion Cloning kit (BiMake, Cat. B22612)

according to the manufacturer with the exception of using only one

half of the recommended volume per reaction. Each reaction was

directly used to transform competent S. pneumoniae D39 strain

DCI23.

Luciferase assay

Streptococcus pneumoniae strains XL28 and XL29 were grown to

OD600 = 0.4 in 5-ml tubes at 37°C and then diluted 1:100 in fresh

C+Y medium with or without 1 mM IPTG. Then, in triplicates,

250-ll diluted bacterial culture was mixed with 50 ll of 6× luciferin

solution in C+Y medium (2.7 mg/ml, D-Luciferin sodium salt,
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SYNCHEM OHG) in 96-well plates (Polystyrol, white, flat, and clear

bottom; Corning). Optical density at 595 nm (OD595) and lumines-

cence signal were measured every 10 min for 10 h using a Tecan

Infinite F200 Pro microtiter plate reader.

Growth assays

For growth curves of strains of the CRISPRi library, T2 cells were

thawed and diluted 1:1,000 into fresh C+Y medium with or without

1 mM IPTG. Then, 300 ll of bacterial culture was added into each

well of 96-well plates. OD595 was measured every 10 min for 18 h

with a Tecan Infinite F200 Pro microtiter plate reader. Specially, for

the data shown in Fig 3, Appendix Figs S10 and S11, T2 cells were

diluted 1:100 in C+Y medium. For growth assays of the depletion

strains with the Zn2+-inducible promoter, T2 cells were thawed and

diluted 1:100 into fresh C+Y medium with or without 0.1 mM Zn2+.

Detection of teichoic acids

Sample preparation

T2 cells of S. pneumoniae strains were inoculated into fresh C+Y

medium with 0.1 mM Zn2+ by 1:50 dilution, and then grown to

OD600 0.15 at 37°C. Cells were collected at 8,000 g for 3 min and

resuspended with an equal volume of fresh C+Y medium without

Zn2+. Bacterial cultures were diluted 1:10 into C+Y with or without

0.1 mM Zn2+ or 1 mM IPTG (for CRISPRi strains) and then incu-

bated at 37°C. When OD600 reached 0.3, cells were centrifuged at

8,000 g for 3 min. The pellets were washed once with cold TE buffer

(10 mM Tris–Cl, pH 7.5; 1 mM EDTA, pH 8.0), and resuspended

with 150 ll of TE buffer. Cells were lysed by sonication.

Detection of teichoic acid with phosphoryl choline antibody

MAb TEPC-15

Protein concentration of the whole-cell lysate was determined with

the DC protein assay kit (Bio-Rad Cat. 500-0111). Whole-cell lysates

were mixed with equal volumes of 2× SDS protein loading buffer

(100 mM Tris–HCl, pH 6.8; 4% SDS; 0.2% bromophenol blue; 20%

glycerol; 10 mM DTT) and boiled at 95°C for 5 min. 2 lg of protein

was loaded, followed by SDS–PAGE on a 12% polyacrylamide gel

with cathode buffer (0.1 M Tris, 0.1 M tricine, 0.1% SDS) on top of

the wells and anode buffer (0.2 M Tris/Cl, pH 9.9) in the bottom.

After electrophoresis, samples in the gel were transferred onto a

polyvinylidene difluoride (PVDF) membrane as described (Minnen

et al, 2011). Teichoic acid was detected with anti-PC specific mono-

clonal antibody TEPC-15 (M1421, Sigma) by 1:1,000 dilution as first

antibody, and then with anti-mouse IgG HRP antibody (GE Health-

care UK Limited) with 1:5,000 dilution as second antibody. The

blots were developed with ECL prime Western blotting detection

reagent (GE Healthcare UK Limited), and the images were obtained

with a Bio-Rad imaging system.

Microscopy

To detect the morphological changes after knockdown of the target

genes, strains in the CRISPRi library were induced with IPTG and

depletion strains were incubated in C+Y medium without Zn2+,

stained with DAPI (DNA dye) and Nile red (membrane dye), and

then studied by fluorescence microscopy. Specifically, 10 ll of

thawed T2 cells was added into 1 ml of fresh C+Y medium, with or

without 1 mM IPTG, in a 1.5-ml Eppendorf tube, followed by 2.5 h

of incubation at 37°C. After that, 1 ll of 1 mg/ml Nile red was

added into the tube and cells were stained for 4 min at room

temperature. Then, 1 ll of 1 mg/ml DAPI was added and the mix

was incubated for one more minute. Cells were spun down at

8,000 g for 2 min, and then, the pellets were suspended with 30 ll
of fresh C+Y medium. 0.5 ll of cell suspension was spotted onto a

PBS agarose pad on microscope slides. DAPI, Nile red, and phase

contrast images were acquired with a Deltavision Elite (GE Health-

care, USA). Microscopy images were analyzed with ImageJ.

For fluorescence microscopy of strains containing zinc-inducible

GFP fusions, strains were grown in C+Y medium to OD600 0.1,

followed by 10 times dilution in fresh C+Y medium with 0.1 mM

Zn2+. After 1 h of incubation, cells were spun down, washed with

PBS, and resuspended in 50 ll PBS. 0.5 ll of cell suspension was

spotted onto a PBS agarose pad on microscope slides. Visualization

of GFP was performed as described previously (Kjos et al, 2015).

For electron microscopy, T2 cells of S. pneumoniae strains were

inoculated into C+Y medium with 0.1 mM Zn2+ and incubated at

37°C. When OD600 reached 0.15, the bacterial culture was centri-

fuged at 8,000 g for 2 min. The pellets were resuspended into C+Y

without Zn2+ such that OD600 was 0.015, and then, cells were

incubated again at 37°C. Bacterial cultures were put on ice to stop

growth when OD600 reached 0.35. Cells were collected by centrifu-

gation and washed once with distilled water. A small pellet of cells

was cryo-fixed in liquid ethane using the sandwich plunge freezing

method (Baba, 2008) and freeze-substituted in 1% osmium

tetroxide, 0.5% uranyl acetate, and 5% distilled water in acetone

using the fast low-temperature dehydration and fixation method

(McDonald & Webb, 2011). Cells were infiltrated overnight with

Epon 812 (Serva, 21045) and polymerized at 60°C for 48 h.

90-nm-thick sections were cut with a Reichert ultramicrotome and

imaged with a Philips CM12 transmission electron microscope

running at 90 kV.

Competence assays

The previously described ssbB_luc competence reporter system,

amplified from strain MK134 (Slager et al, 2014), was transformed

into the CRISPRi strains (sgRNAclpP, sgRNAclpX, sgRNAclpL,

sgRNAclpE, sgRNAclpC). Luminescence assays for detection of acti-

vation of competence system were performed as previously

described (Slager et al, 2014). IPTG was added into C+Y medium (at

a non-permissive pH for competence development) at the beginning

of cultivation to different final concentrations.

Data availability

Raw Tn-seq data are available at the SRA with accession number

SRR5298192; the RNA-Seq data are available at the GEO database

with accession number GSE89763.

Expanded View for this article is available online.
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