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Supplementary Methods
Strain construction:

Strain VL3251 (D39V, 4Prsi::Prs-lacl (gen), bgaA::Pu.~dCas9sp (ter), cil::Ps-luc (kan), cep::Ps-
BS1-sgRNAluc (spc)) was constructed by Golden Gate assembly of two parts as follows. The first part
was amplification by PCR of the upstream homologous region to integrate in the S. pneumoniae (S.p.)
cep locus, the spc marker, the promoter P; and BS1’, from plasmid pVL1305 with primers OVL3205
(with BsmBI restriction site) and OVL2625. Second part is the BS1’, the base pairing /uc, the terminator
S. pyogenes and the downstream homologous region to integrate in S. p. cep locus, amplified by PCR
from the plasmid pVL1305 with primers OVL3204 (with BsmBI restriction site) and OVL726. After
purification, the two parts were digested with BsmBI (NEB) at 55°C for 4h. After purification, ligation
was realized at room temperature with T4 DNA ligase (Vazyme) 1h and directly used to transform S.p.
strain VL997 with spectinomycin selection. The cep locus of the resulting strain, VL3252, was
confirmed by Sanger sequencing.

Strain VL3252 (D39V, 4Prsi::Prs-lacl (gen), bgaA::Pu.~dCas9sp (ter), cil::Ps-luc (kan), cep::Ps-
BS2-sgRNAluc (spc)), was constructed by Golden Gate assembly of two parts identical to the
construction of strain VL3251. First part is the amplification by PCR of pVL1305 with primers
OVL3207 (with BsmBI restriction site) and OVL2625. Second part is the amplification by PCR of
pVL1305 with primers OVL3206 (with BsmBI restriction site) and OVL726.

Strain VL3253 (D39V, Aprsi::Prs-lacl (gen), bgaA::P.-dCas9sp (tet), cil::Ps-luc (kan), cep::P3-
BS3-sgRNAluc (spc)), was constructed by Golden Gate assembly of two parts identical to the
construction of strain VL3251. First part is the amplification by PCR of pVL1305 with primers
OVL3385 (with BsmBI restriction site) and OVL2625. Second part is the amplification by PCR of
pVL1305 with primers OVL3384 (with BsmBI restriction site) and OVL726.

Strain VL3254 (D39V, A4Prsi::Prs-lacl (gen), bgaA::Pu.~dCas9sp (ter), cil::Ps-luc (kan), cep::Ps-
BS4-sgRNAluc (spc)), was constructed by Golden Gate assembly of two parts identical to the
construction of strain VL3251. First part is the amplification by PCR of pVL1305 with primers
OVL3209 (with BsmBI restriction site) and OVL2625. Second part is the amplification by PCR of
pVL1305 with primers OVL3208 (with BsmBI restriction site) and OVL726.

Strain VL3255 (D39V, 4Prsli::Prs-lacl (gen), bgaA::Pu.~dCas9sp (ter), cil::Ps-luc (kan), cep::Ps-
BS5-sgRNAluc (spc)), was constructed by Golden Gate assembly of two parts identical to the
construction of strain VL3251. First part is the amplification by PCR of pVL1305 with primers
OVL3387 (with BsmBI restriction site) and OVL2625. Second part is the amplification by PCR of
pVL1305 with primers OVL3386 (with BsmBI restriction site) and OVL726.

Strain VL3256 (D39V, Aprsl::Pre-lacl (gm), bgaA::P.-dCasIsp (tet), cil::Ps-luc (kan), cep::Ps-
BS6-sgRNAluc (spc)) was constructed by Golden Gate assembly of two parts identical to the
construction of strain VL3251. First part is the amplification by PCR of pVL1305 with primers
OVL3389 (with BsmBI restriction site) and OVL2625. Second part is the amplification by PCR of
pVL1305 with primers OVL3388 (with BsmBI restriction site) and OVL726.

Strain VL3308 (D39V, Aprsi::Pre-lacl/tetR (gen), bgaA::Pnc-dCas9sp (tet)) was constructed by
amplification by PCR of the upstream homologous region to integrate in the S. p. bgaA4 locus, the tet
marker, Pi..-dCas9sp and the downstream homologous region using chromosomal DNA (gDNA) of
strain VL1998 as template with primers OVL173 and OVL174. After purification, the PCR product
was used to transform strain VL333 with tetracycline selection. The bgaA locus of the resulting strain,
VL3308, was confirmed by Sanger sequencing.



Strain VL3436 (D39V, Aprsl::Pre-lacl/tetR (gen), bgaA::Pi~dCas9sp (tet), cep::P3-BS3-sgRNA2
(spc)) was constructed by Golden Gate assembly of two parts. First part is the amplification by PCR of
the upstream homologous region to integrate in the S. p. cep locus, the spc marker, the promoter P3 and
the BS3 from the gDNA of strain VL3253 with primers OVL3504 (with BsmBI restriction site) and
OVL2625. Second part is the amplification by PCR of the sgRNA2, the dCas9 handle, the sgRNA
terminator and the downstream homologous region to integrate in S. p. cep locus, from the gDNA of
strain VL3253 with OVL3205 (with BsmBI restriction site) and OVL2628. After purification, the two
parts were digested with BsmBI (NEB) at 55°C for 2h. After purification, ligation was realized at room
temperature with T4 DNA ligase (Vazyme) for 1h and directly used to transform strain VL3308 with
spectinomycin selection. The cep locus of the resulting strain, VL3436, was confirmed by Sanger
sequencing.

Strain VL3437 (D39V, Aprsl::Pre-lacl/tetR (gen), bgaA::Pu~dCas9sp (tet), cep::P:-BS6-sgRNA3
(spc)) was constructed by Golden Gate assembly of two parts. First part is the amplification by PCR of
the upstream homologous region to integrate in S. p. cep locus, the spc marker, the promoter P3 and the
BS3 from the gDNA of strain VL3256 with the primers OVL3506 (with BsmBI restriction site) and
OVL2625. Second part is the amplification by PCR of the sgRNA3, the dCas9 handle, the sgRNA
terminator and the downstream homologous region to integrate in S. p. cep locus, from the gDNA of
strain VL3256 with primers OVL3207 (with BsmBI restriction site) and OVL2628. After purification,
the two parts were digested with BsmBI (NEB) at 55°C for 2h. After purification, ligation was realized
at room temperature with T4 DNA ligase (Vazyme) for 1h and directly used to transform strain VL3308
with spectinomycin selection. The cep locus of the resulting strain, VL3437 was confirmed by Sanger
sequencing.

Strain VL3438 (D39V, Adprsl::Pres-lacl/tetR (gen), bgaA::Piu~dCas9sp (tet), cep::P3-BS2-sgRNA6
(spc)) was constructed by Golden Gate assembly of two parts. First part is the amplification by PCR of
the upstream homologous region to integrate in S. p. cep locus, the spc marker, the promoter P3 and the
BS2 from the gDNA of strain VL3252 with the primers OVL3502 (with BsmBI restriction site) and
OVL2625. Second part is the amplification by PCR of the sgRNAG, the dCas9 handle, the sgRNA
terminator and the downstream homologous region to integrate in the S. p. cep locus, from the gDNA
of strain VL3252 with OVL3203 (with BsmBI restriction site) and OVL2628. After purification, the
two parts were digested with BsmBI (NEB) at 55°C for 2h. After purification, ligation was realized at
room temperature with T4 DNA ligase (Vazyme) for 1h and directly used to transform strain VL3308
with spectinomycin selection. The cep locus of the resulting strain, VL3438 was confirmed by Sanger
sequencing.

Strain VL3439 (D39V, dprsl::Pre-lacl/tetR (gen), bgaA::Pi~dCas9sp (tet), cep::P3-BS3-sgRNA2
(spc), zip::P3-BS2-mNeonGreen-opt (ery)) was constructed by Golden Gate assembly of three parts.
First part is the amplification by PCR of the upstream homologous region to integrate in the S. p. zip
locus and the ery marker from the plasmid pASR103 with primers OVL3531 and OVL3851 (with
BsmBI restriction site). Second part is the amplification by PCR of T rpsl, T tuf, T B1002, T B0015,
the promoter P3; and the BS2 from the gDNA of strain VL3252 with primers OVL3533 and OVL3534
(both with BsmBI restriction site). Third part is the amplification by PCR of mNeonGreen- optimized
and the downstream homologous region to integrate in S. p. zip locus from the plasmid pASR110 with
primers OVL3535 (with BsmBI restriction site) and OVL3536. After Dpnl treatment for parts 1 and 3
and purification, the three parts were digested with BsmBI (NEB) at 55°C for 3h. After purification,
ligation was realized at room temperature with T4 DNA ligase (Vazyme) for 1h and directly used to
transform strain VL3436 with erythromycin selection. The zip locus of the resulting strain, VL3439 was
confirmed by Sanger sequencing.

Strain VL3440 (D39V, Aprsl::Pre-lacl/tetR (gen), bgaA::Pi~dCas9sp (tet), cep::P3-BS3-sgRNA2
(spc), zip::P3-BS2-mNeonGreen-opt (ery)) was constructed by Golden Gate assembly of three parts.



First part is the amplification by PCR of the upstream homologous region to integrate in S. p. zip locus
and the ery marker from plasmid pASR103 with primers OVL3531 and OVL3851 (with BsmBI
restriction site). Second part is the amplification by PCR of T rpsl, T tuf, T B1002, T B0015, the
promoter P3 and the BS6 from gDNA of strain VL3253 with primers OVL3533 and OVL3537 (both
with BsmBI restriction site). Third part is the amplification by PCR of mTurquoise2-optimized and the
downstream homologous region to integrate in S. p. zip locus from gDNA of template strain VL3312
(Veening lab collection) with primers OVL3538 (with BsmBI restriction site) and OVL3536. After
Dpnl treatment of part 1 and purification, the three parts were digested with BsmBI (NEB) at 55C for
3h. After purification, ligation was realized at room temperature with T4 DNA ligase (Vazyme) for 1h
and directly used to transform strain VL3437 with erythromycin selection. The zip locus of the resulting
strain, VL3440, was confirmed by Sanger sequencing.

Strain VL3441 (D39V, Aprsl::Pre-lacl/tetR (gen), bgaA::Piu~dCas9sp (tet), cep::P3-BS2-sgRNA6
(spc), zip::P3-BS6-mScarletl-opt (ery)) was constructed by Golden Gate assembly of three parts. First
part is the amplification by PCR of the upstream homologous region to integrate in S. p. zip locus and
the ery marker from plasmid pASR103 with primers OVL3531 and OVL3851 (with BsmBI restriction
site). Second part is the amplification by PCR of T rpsl, T tuf, T B1002, T B0015, the promoter P;
and the BS2 from gDNA of strain VL3256 with primers OVL3533 and OVL3539 (both with BsmBI
restriction site). Third part is the amplification by PCR of mScarletl-optimized and the downstream
homologous region to integrate in S. p. zip locus from the template strain VL3309 (Veening lab
collection) with primers OVL3540 (with BsmBI restriction site) and OVL3536. After Dpnl treatment
of part 1 and purification, the three parts were digested with BsmBI (NEB) at 55°C for 3h. After
purification, ligation was realized at room temperature with T4 DNA ligase (Vazyme) for 1h and
directly used to transform strain VL3438 with erythromycin selection. The zip locus of the resulting
strain, VL3441, was confirmed by Sanger sequencing.

Strain VL3746 (D39V, Aprsl::Pre-lacl/tetR (gen), bgaA::Pi~dCas9sp (tet), zip::P3-BS6-sgRNA3-
P3-BS2-mNeonGreen-opt (ery)) was constructed by Golden Gate assembly of three parts. First part is
the amplification by PCR of the upstream homologous region to integrate in S. p. zip locus, the ery
marker and the terminators T rpsl, T_tuf from the template strain VL3441 with primers OVL3252 and
OVL4250 (with BsmBI restriction site). Second part is the amplification by PCR of P3;, BS6, sgRNA3,
the dCas9 handle and the sgRNA terminator using gDNA of strain VL3437 as template with OVL4251
and OVL4252 (both with BsmBI restriction site). Third part is the amplification by PCR of terminators
T B1002, T B0015, P3s, BS2, mNeonGreen-optimized, T B1006 and the downstream homologous
region to integrate in S. p. zip locus from the template strain VL3439 with OVL4253 (with BsmBI
restriction site) and OVL3255. After purification, the three parts were digested and ligated together
during an assembly reaction with T4 DNA ligase buffer (Vazyme), T4 DNA ligase (Vazyme) and Eps3i
(NEB; isoschizomer of BsmBI). The assembly mixture was incubated in a thermocycler (PCR Max) for
step 1: 1.5 min at 37°C, step 2: 3 min at 16°C, steps 1 and 2 repeated 25x, step 3: 5 min at 37°C and
step 4: 10 min at 80°C. Transformation of VL3308 with the assembly mixture and selection with
erythromycin. The zip locus of the resulting strain, VL3746, was confirmed by Sanger sequencing.

Strain VL3747 (D39V, Aprsi::Pre-lacl/tetR (gen), bgaA::P-dCas9sp (tef), cep::P3-BS6-mScarletl-
opt-P3-BS3-sgRNA2 (spc)) was constructed by Golden Gate assembly of three parts. First part is the
amplification by PCR of the upstream homologous region to integrate in S. p. cep locus, the spc marker
and the terminators T rpsl, T tuf from the template strain VL3436 with the primers OVL725 and
OVL4254 (with BsmBI restriction site). Second part is the amplification by PCR of P3;, BS6 and
mScarletl-optimized from the template strain VL.3441 with primers OVL4255 and OVL4256 (both with
BsmBI restriction site). Third part is the amplification by PCR of terminators T B1002, T B0015, Ps,
BS3, sgRNA2, the dCas9 handle, the terminator S. pyogenes, T B1006 and the downstream
homologous region to integrate in S. p. cep locus from the template strain VL3436 with primers
OVL4257 (with BsmBI restriction site) and OVL726. After purification, the three parts were digested



and ligated together during an assembly reaction with T4 DNA ligase buffer (Vazyme), T4 DNA ligase
(Vazyme) and Eps3i (NEB). The assembly mixture was incubated in a thermocycler (PCR Max) for
step 1: 1.5 min at 37°C, step 2: 3 min at 16°C, steps 1 and 2 repeated 25x, step 3: 5 min at 37°C and
step 4: 10 min at 80°C. Transformation of VL3308 with the assembly mixture and selection with
erythromycin. The cep locus of the resulting strain, VL3747, was confirmed by Sanger sequencing.

Strain VL3748 (D39V, Aprsl::Pre-lacl/tetR (gen), bgaA::Pn.-dCas9sp (tet), cil::P3-BS3-
mTurquoise2-opt-P.-BS2-sgRNAG6 (kan)) was constructed by Golden Gate assembly of five parts.
First part is the amplification by PCR of the upstream homologous region to integrate in S. p. ci/ locus,
the kan marker and MCS from the template strain VL2969 with the primers OVL3318 and OVL4258
(with BsmBI restriction site). Second part is the amplification by PCR of P3, BS3 and mTurquoise2-opt
from the template strain VL3440 with primers OVL4259 and OVL4260 (both with BsmBI restriction
site). Third part is the amplification by PCR of terminators T rmmB and T_rpsl from the template strain
VL2969 with primers OVL4261 and OVL4262 (both with BsmBI restriction site). The fourth part is
the amplification by PCR of BssgRNA2, sgRNA-6 the dCas9 handle, the sgRNA terminator from
template strain VL3438 with primers OVL4263 and OVL4264 (both with BsmBI restriction site). Fifth
part is the amplification by PCR of the terminator T tufA and the downstream homologous region to
integrate in S. p. cil locus from the template strain VL2969 with the primers OVL4265 (with BsmBI
restriction site) and OVL4266. After purification, the five parts were digested and ligated together
during an assembly reaction with T4 DNA ligase buffer (Vazyme), T4 DNA ligase (Vazyme) and Eps3i.
The assembly mixture was incubated in a thermocycler (PCR Max) for step 1: 1.5 min at 37°C, step 2:
3 min at 16°C, steps 1 and 2 repeated 25x, step 3: 5 min at 37°C and step 4: 10 min at 80°C. The
assembly mixture was amplified by PCR with OVL3318 and OVL4266. After purification by gel
extraction, the product was used to transform strain VL3308 and selection with kanamycin. The cil
locus of the resulting strain, VL3748, was confirmed by Sanger sequencing. This construct has a point
mutation in the mTurquoise2-opt gene (leading to a F72I amino acid change) as well as an insertion of
a second MCS sequence between the T_tufA and the downstream homologous region to integrate in S.
p. cil locus.

Strain VL3749 (D39V, Aprsi::Pre-lacl/tetR (gen), bgaA::Pn.-dCas9sp (tet), cil::P3-BS3-
mTurquoise2-opt-P3-BS2-sgRNAG6 (kan)) was constructed by Golden Gate assembly of five parts in
the same fashion as the strain VL3748. The first, second and fifth parts are similar as the one of VL.3748.
Parts three and four are different as described. Third part was amplification by PCR of terminators
T rmB and T_rpsl from the template strain VL2969 with primers OVL4261 and OVL4267 (both with
BsmBI restriction site). The fourth part was amplification by PCR of BS2, sgRNAG6, dCas9 handle and
sgRNA Terminator from template strain VL3438 with primers OVL4268 and OVL4264 (both with
BsmBI restriction site). This construct has an insertion of a second MCS sequence between the T tufA
and the downstream homologous region to integrate in S. p. ci/ locus.

Strain VL3750 (D39V, Aprsi::Pre-lacl/tetR (gen), bgaA::Pi~dCas9sp (tet), zip::P3-BS6-sgRNA3-
P3-BS2-mNeonGreen-opt (ery), cep::P3-BS6-mScarletl-opt-P3-BS3-sgRNA2 (spc)) was constructed
by amplification by PCR of the cep locus of the strain VL3747 with the primers OVL3340 and
OVL3341 (both without restriction site). After purification, VL3746 was transformed with spc
selection. The cep locus of the resulting strain, VL3750, was confirmed by Sanger sequencing.

Strain VL3752 (D39V, Aprsi::Prs-lacl/tetR (gen), bgaA::Pic-dCas9sp (tet), zip::P3-BS6-sgRNA3-
P3-BS2-mNeonGreen-opt (ery), cep::P3-BS6-mScarletl-opt-P3-BS3-sgRNA2 (spc), cil::P3-BS3-
mTurquoise2-opt-P~-BS2-sgRNAG6 (kan)) was constructed by amplification by PCR of the cil/ locus
of strain VL3749 with primers OVL552 and OVL553 (both without restriction site). After purification
by gel extraction, VL3750 was transformed with this product while selecting on agar plates containing
kanamycin. The cil locus of the resulting strain, VL3752, was confirmed by Sanger sequencing.



Strain VL3753 (D39V, Aprsi::Prs-lacl/tetR (gen), bgaA::Pic-dCas9sp (tet), zip::P3-BS6-sgRNA3-
P3-BS2-mNeonGreen-opt (ery), cep::P3-BS6-mScarletl-opt-P3-BS3-sgRNA2 (spc), cil::P3-BS3-
mTurquoise2-opt-P3-BS2-sgRNAG6 (kan)) was constructed by amplification by PCR of the ci/ locus of
strain VL3749 with primers OVL1289 and OVL3321 (both without restriction site). After purification
by gel extraction, VL3750 was transformed with kan selection. The cil locus of the resulting strain,
VL3753, was confirmed by sequencing.

Strain VL3755 (D39V, dprsli:: Pre-lacl/tetR (gen), bgaA::Pnc-dCas9sp (ter), zip::P3-BS6-sgRNA3-
P3-BS2-mNeonGreen-opt (ery), cep::P3-BS6-mScarletl-opt-P3-BS3-sgRNA2 (spc), cil::P3-BS3-
mTurquoise2-opt-P-BS2-sgRNAG6 (kan), lytA::cat, comC::tmp) is strain VL3752 with deletion of
lytA and comC genes. Deletion of /yt4 was realized by amplification of the /y#4::cat region from gDNA
of strain [ytA::cat (lab collection) with OVL3171 and OVL3172 and purified. In parallel, the deletion
of comC::tmp was realized by Golden Gate assembly of 3 parts. The flanking regions were amplified
by PCR from strain VL783. Primers OVL4661 and OVL4662 (with BsmBI restriction site) were used
for the upstream insertion site. Primers OVL4665 and OVL4666 (with BsmBI restriction site) were
used for the downstream insertion site. The #mp marker was amplified by PCR from gDNA of strain
VL3882 with OVL4663 and OVL4664 (both with BsmBI restriction site). After purification, the three
parts were digested and ligated together during an assembly reaction with T4 DNA ligase buffer
(Vazyme), T4 DNA ligase (Vazyme) and Eps3i (NEB). The assembly mixture was incubated in a
thermocycler (BioRad) for step 1: 1.5 min at 37°C, step 2: 3 min at 16°C, steps 1 and 2 repeated 25x,
step 3: 5 min at 37°C and step 4: 10 min at 80°C. The assembly mixture was purified by gel extraction.
VL3752 was transformed by both the PCR product of /ytA::cat and the purified assembly product of
comC::tmp, with double selection, chloramphenicol (cm) and tmp. The /yt4 and comC loci of the
resulting strain, VL3755, were confirmed by Sanger sequencing.

Strain VL3757 (D39V, Aprsi::Pres-lacl/tetR (gen), bgaA::Pu.~dCas9sp (tet), zip::P3- BS6-sgRNA3-
P3-BS2-mNeonGreen-opt (ery), cep::P:- BS6-mScarletl-opt-P3-BS3-sgRNA2 (spc), cil::P3-BS3-
mTurquoise2-opt-P3-BS2-sgRNAG6 (kan), lytA::cat, comC::tmp) is VL3753 with deletion of /yt4 and
comC genes. The double deletion was realized as described for VL.3755.

Strain VL3869 (D39V, Aprsli:: Prs-lacl/tetR (gen), bgaA::Plac-dCas9sp (tet), zip::P3-BS6-sgRNA3-
P3-BS2-mNeonGreen-opt (ery), cep::P3-BS6-mScarletl-opt-P3-BS3-sgRNA2 (spc), cil::P3-BS3-
mTurquoise2-opt-P-BS2-sgRNAG6 (kan), lytA::cat, comC::tmp, Acps) is VL3755 with deletion of
the cps operon without an antibiotic marker. The region 4cps was amplified by PCR from strain VL3660
with primers OVL4933 and OVL4938. After purification, VL3755 was transformed without antibiotic
selection and 10 colonies were screened for absence of capsule. One of the positive clones lacking
capsule was further analyzed and confirmed by Sanger sequencing resulting in strain VL38609.

Strain VL3870 (D39V, bgaA::Pi..~dcas9sp (gen)) was constructed by Golden Gate assembly to replace
the fet marker from VL3753 to gen marker. The flanking regions were amplified by PCR from strain
VL3753 with primers OVL5139 and OVL5140 (with Sapl restriction site) for the upstream and
OVL5143 (with Sapl restriction site) and OVL5144 for the downstream. The gen marker was amplified
from pASR102 with OVL5141 and OVL5142 (both with Sapl restriction site). After purification, the
three parts were digested and ligated together during an assembly reaction with T4 DNA ligase buffer
(Vazyme), T4 DNA ligase (Vazyme) and Sapl. The assembly mixture was incubated in a thermocycler
(PCR Max) for step 1: 1.5 min at 37°C, step 2: 3 min at 16°C, steps 1 and 2 repeated 25x, step 3: 5 min
at 37°C and step 4: 10 min at 80°C. Strain VL1 was directly transformed with the assembly product
with gentamycin selection. The bgaA locus of the resulting strain, VL3870, was confirmed by Sanger
sequencing.

Strain VL3872 (D39V, Ps::P3-BS6-mScarletl-opt-cps (tet)) was constructed by Golden Gate
assembly. The flanking regions were amplified by PCR from the strain VL3703 with the primers
OVL5145 and OVL5146 (with Sapl restriction site) for the upstream and OVL5149 (with Sapl



restriction site) and OVL5150 for the downstream. P3-BS6-mScarietl-opt was amplified from strain
VL3747 with primers OVL5147 and OVL5148 (both with Sapl restriction site). The assembly mixture
was incubated in a thermocycler (PCR Max) as described for VL3871. Strain VL1 was directly
transformed with the assembly product with tetracycline selection. The c¢ps locus of the resulting strain,
VL3872, was confirmed by Sanger sequencing.

Strain VL3873 (D39V, P.y::P3-BS6-mScarletl-opt-cps (tef), cep::P3-BS3-sgRNA2 (spc)) was
constructed by amplification of cep locus of strain VL.3436 with the primers OVL725 and OVL726, the
PCR product purified was used to transform VL3872 with spc selection. The cep locus of the resulting
strain, VL3873, was confirmed by Sanger sequencing.

Strain VL3875 (D39V, P.y::P3-BS6-mScarletl-opt-cps (tet), cep::P3-BS3-sgRNA2 (spc), zip::Ps-
BS6-sgRNA3-P3:-BS2-mNeonGreen-opt (ery)) was constructed by amplification of the zip locus of
strain VL3746 with primers OVL3531 and OVL3536, the PCR product purified was used to transform
VL3873 with ery selection. The zip locus of the resulting strain, VL3875, was confirmed by colony
PCR.

Strain VL3876 (D39V, P.y::P3-BS6-mScarletl-opt-cps (tet), cep::P3-BS3-sgRNA2 (spc), zip::Ps-
BS6-sgRNA3-P3-BS2-mNeonGreen-opt  (ery), cil::P3-BS3-mTurquoise2-opt-P-BS2-sgRNA6
(kan)) was constructed by amplification of the cil/ locus of strain VL3752 with primers OVL3318 and
OVL3321, the PCR product purified was used to transform VL3875 with kan selection. The ci/ locus
of the resulting strain, VL3876, was confirmed by Sanger sequencing.

Strain VL3877 (D39V, Pcy::P3-BS6-mScarletl-opt-cps (tet), cep::P3-BS3-sgRNA2 (spc), zip::Ps-
BS6-sgRNA3-P;-BS2-mNeonGreen-opt  (ery), cil::P3-BS3-mTurquoise2-opt-P3-BS2-sgRNA6
(kan)) was constructed by amplification of the cil/ locus of the strain VL3753 with primers OVL3318
and OVL3321, the purified PCR product was used to transform VL3875 with kan selection. The cil
locus of the resulting strain, VL3877, was confirmed by Sanger sequencing.

Strain VL3878 (D39V, Pcy::P3-BS6-mScarletl-opt-cps (tet), cep::P3-BS3-sgRNA2 (spc), zip::Ps-
BS6-sgRNA3-P3-BS2-mNeonGreen-opt  (ery), cil::P3-BS3-mTurquoise2-opt-P-BS2-sgRNA6
(kan), bgaA::P.-dcas9sp (gen)) was constructed by amplification of the bgaA locus of strain VL3870
with primers OVL173 and OVL174, the PCR product purified was used to transform VL3876 with
gentamycin selection. The resulting strain, VL.3878, was confirmed by colony PCR and microscopy.

Strain VL3879 (D39V, P.u::P3-BS6-mScarletl-opt-cps (tet), cep::P3-BS3-sgRNA2 (spc), zip::Ps-
BS6-sgRNA3-P3;-BS2-mNeonGreen-opt (ery), cil::P3-BS3-mTurquoise2-opt-P3-BS2-sgRNAG6 (kan),
bgaA::Pi~dcas9sp (gen)) was constructed by amplification of the bgaA locus of strain VL3870 with
primers OVL173 and OVL174. The purified PCR product was used to transform VL3877 with
gentamycin selection. The resulting strain, VL.3879, was confirmed by colony PCR and microscopy.

Strain VL4313 (D39V, zip::P3- BS6-sgRNA3- P3-BS2-m/NeonGreen-opt (ery)) was constructed by
amplification of the zip locus of strain VL3746 with primers OVL3531 and OVL3536. The purified
PCR product was used to transform VL1 with erythromycin selection. The zip locus of the resulting
strain VL4313, was confirmed by Sanger sequencing.

Strain VL4315 (D39V, zip::P3- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS6-
mScarletl-opt-cps (tet), cep:: P3-BS3-sgRNA2 (spc), bgaA::Pi~dCas9-P3-BS3-m Turquoise2-opt-Ps-
BS2-sgRNAG6 (gen)) was constructed by Golden Gate assembly of three parts. First part is the
amplification by PCR of the upstream homologous region to integrate in S. p. bgaAd locus, the gen
marker and P..-dCas9 with OVL174 and OVL5899 (with Bsal restriction site) using genomic DNA of
strain VL3870 as template. The second part is the amplification by PCR of BssgRNA3-mTurquoise2-
opt-P3-BS2-sgRNAG6 from strain VL3879 with primers OVL5900 and OVL5901 (both with Bsal
restriction site). The third part is the amplification by PCR of the downstream homologous region to



integrate in S. p. bgaA locus from the strain VL3879 with primers OVL5902 (with Bsal restriction site)
and OVL173. After purification, the three parts were digested and ligated. The ligation product was
used to transform strain VL3875 with gentamycin selection. The resulting strain VL4315 was confirmed
by whole genome sequencing (illumina) and also known as the CAPSUlator.

Strain VL4316 (D39V, zip:: P3;- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS6-
mScarletl-opt-Acps (tet) (NO cps)) was constructed by Golden Gate assembly of two parts. First part
is the amplification by PCR of the upstream homologous region to integrate in S. p. ¢ps locus, tetM,
tetR and P3-BS6-mScarletl-opt from strain VL3872 with primers OVL3689 and OVL5883 (with Esp3I
restriction site). The second part is the downstream homologous region to integrate in S. p. cps locus
from strain VL3872 with primers OVL5156 and OVL5884 (with Esp3I restriction site). After
purification, the two parts were digested and ligated together during an assembly reaction with T4 DNA
ligase buffer (Vazyme), T4 DNA ligase (Vazyme) and Esp3l (NEB). The assembly mixture was
incubated in a thermocycler (PCR Max) for step 1: 1.5 min at 37°C, step 2: 3 min at 16°C, steps 1 and
2 repeated 25x, step 3: 5 min at 37°C and step 4: 10 min at 80°C. Strain VL4313 was directly
transformed with the assembly product with tetracycline selection. The cps locus of the resulting strain,
VL4316, was confirmed by Sanger sequencing.

Strain VL4317 (D39V, zip:: P3;- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS6-
mScarletl-opt-Acps (tet) (NO cps), cep:: P3-BS3-sgRNA2 (spc)) was constructed by amplification of
the cep locus from gDNA of strain VL4315 with primers OVL873 and OVL874, the PCR product
purified was used to transform VL4316 with spectinomycin selection. The cep locus of the resulting
strain, VL4317, was confirmed by Sanger sequencing.

Strain VL4318 (D39V, zip:: P3;- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS6-
mScarletl-opt-cps (tet)) was constructed by amplification of the cps locus from gDNA of strain VL4315
with primers OVL5151 and OVL4901. The purified PCR product was used to transform strain VL4313
with tetracycline selection. The ¢ps locus of the resulting strain, VL4318, was confirmed by Sanger
sequencing.

Strain VL4319 (D39V, zip:: P3;- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS6-
mScarletl-opt-cps (tet), cep:: P3-BS3 (spc) (NO sgRNA2)) was constructed by Golden Gate assembly
of two parts. First part is the amplification by PCR of the upstream homologous region to integrate in
the S. p. cep locus, the spc marker and P3-BS3 from strain VL3873 with primers OVL873 and OVL5885
(with Esp3I restriction site). Second part is the amplification by PCR of the downstream homologous
region to integrate in the S. p. cep locus from strain VL3873 with primers OVL5886 (with Esp3I
restriction site) and OVL1259. After purification, the two parts were digested and ligated together
during an assembly reaction with T4 DNA ligase buffer (Vazyme), T4 DNA ligase (Vazyme) and Esp31
(NEB). The assembly mixture was incubated in a thermocycler (PCR Max) for step 1: 1.5 min at 37°C,
step 2: 3 min at 16°C, steps 1 and 2 repeated 25x, step 3: 5 min at 37°C and step 4: 10 min at 80°C.
Strain VL4318 was directly transformed with the assembly product with spectinomycin selection. The
cep locus of the resulting strain, VL4319, was confirmed by Sanger sequencing.

Strain VL4320 (D39V, zip:: P3- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), cep:: P3-BS3-
sgRNAZ2 (spc)) was constructed by amplification of the cep locus from gDNA of strain VL4315 with
primers OVL873 and OVL874. The PCR product was purified and used to transform strain VL4313
with spectinomycin selection. The cep locus of the resulting strain, VL4320, was confirmed by Sanger
sequencing.

Strain VL4321 (D39V, zip:: P3;- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS6-
mScarletl-opt-Acps (tet) (NO cps), cep:: P3-BS3-sgRNA2 (spc), bgaA::P.-dCas9-P3;-BS3-
mTurquoise2-opt-P3-BS2-sgRNAG6 (gen)) was constructed by PCR amplification of the bgaA locus
from gDNA of strain VL4315 with primers OVL461 and OVL2871. The purified PCR product was



used to transform strain VL4317 with gentamycin selection. The bgaAd locus of the resulting strain,
VL4321, was confirmed by Sanger sequencing and this strain is also referred to as CAPSUlator-Acps.

Strain VL4322 (D39V, zip:: P3;- BS6-sgRNA3- P3-BS2-mNeonGreen-opt (ery), Peps::P3-BSA6-
mScarletl-opt-cps (tet), cep:: P3-BS3 (spc) (NO sgRNA2), bgaA::Pi~dCas9-P3-BS3-mTurquoise2-
opt-P3-BS2-sgRNAG6 (gen)) was constructed by PCR of the bgaA locus from gDNA of strain VL4315
with primers OVL461 and OVL2871. The PCR product was purified and used to transform strain
VL4319 with gentamycin selection. The bgaA locus of the resulting strain, VL4322, was confirmed by
Sanger sequencing and this strain is also referred to as CAPSUlator-OFF.

Strain VL4323 (D39V, zip:: P3;- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS1-
mScarletl-opt-cps (tef) (NO BS6 but BS1), cep:: P3-BS3-sgRNA2 (spc)) was constructed by Golden
Gate assembly of two parts. First part is the amplification by PCR of the upstream homologous region
to integrate in S. p. ¢ps locus, tetM, tetR and P3 from strain VL3872 with primers OVL5145 and
OVL6409 (with Sapl restriction site). Second part is the amplification by PCR the downstream
homologous region to integrate in S. p. cps locus from strain VL3872 with primers OVL6410 (with
Sapl restriction site) and OVL3692. After purification, the two parts were digested and ligated together
during an assembly reaction with T4 DNA ligase buffer (Vazyme), T4 DNA ligase (Vazyme) and Sapl
(NEB). The assembly mixture was incubated in a thermocycler (PCR Max) for step 1: 1.5 min at 37°C,
step 2: 3 min at 16°C, steps 1 and 2 repeated 25x, step 3: 5 min at 37°C and step 4: 10 min at 80°C.
Strain VL4320 was directly transformed with the assembly product with tetracycline selection. The cps
locus of the resulting strain, VL4323, was confirmed by Sanger sequencing.

Strain VL4324 (D39V, zip:: P3;- BS6-sgRNA3- P3;-BS2-mNeonGreen-opt (ery), Pcps::P3-BS1-
mScarletl-opt-cps (tef) (NO BS6 but BS1), cep:: P3-BS3-sgRNA2 (spc), bgaA::Pi.~-dCas9-P3;-BS3-
mTurquoise2-opt-P3-BS2-sgRNAG6 (gen)) was constructed by amplification by PCR of the bgaA4 locus
from gDNA of strain VL4315 with primers OVL461 and OVL2871. The PCR product was purified and
used to transform strain VL4323 with gentamycin selection. The bgaA locus of the resulting strain,
VL4324, was confirmed by Sanger sequencing.



Supplementary Figures

a b -0 UM IPTG —-10 uM IPTG —-100 uM IPTG

Normal CRISPRi dCas9- 1500000
binding regular BS1 BS2

BS3
handle RNA
ande 1000000 9 1 J
DNA & 52b P 3
_ﬁ i = 500000 J ]
0= \ e —

0
1500000

BS6
hend 1000000 - \ 4 N 4
1 ¥
luc
Target DNA 5 I 3 500000 4 4
= N
0 T T T r T T ¥
3

SgRNA 5'mm — 3’

+
RLU/OD (A.U.)

Time (h)
Extended sgRNA c
BS - S
DNA 5 Em 52 bp 41bp 3y M handle terminator
BS1 §'| ACCACACTAGAGTCTAGCTTGAGA |3’ "
ggi g ACCAAGTACTTAGTACACACTGAT g BS2 sgRNAB 5 | ACCAAGTACTTAGTACACACTGAT TTTAGTAGTCTACTTAGATG | 3’
' | ACCAAGAGTACACTAGCTCAGTCA | 3'
BS4 5'| aAccaTacaTacrcTaacarTerere |3 BS6 sgRNA3 5 | ACCAAGAGTACACTAGCTCAGTCA TGACTGAGCTAGTGTACTCT | 3’
BS5 §'| ACCAATCTAAGCTCAGACTCACTT |3’ BS3 sgRNA2 5’| Accacarc A 3
BS6 5'| ACCACATCTAAGTAGACTACTAAA |3’
4
ext. sgRNA &' 3
ity zip DNA 5 3
dCas9 [

i
I ic 3 BS2 mNG §' | ACCARGTACTTAGTACACACTGAT 3
\ BS6 mTq2 §' | ACCARGAGTACACTAGCTCAGTCA x 3
3 5 BS3 mScl 5’ | ACCACATCTAAGTAGACTACTAAA mScarletl 3

Fig. S1. Design and testing of extended sgRNAs in S. pneumoniae. (a) Normal CRISPRi uses a sgRNA that

Target DNA 5

contains a 19 or 20 nt long spacer sequence that binds to a complementary DNA target sequence if this sequence
also contains a PAM (top). Extended sgRNA’s (ext-sgRNAs) have a 24nt extension at their 5’ end that includes
the +1, a PAM and the orthogonal binding site (BS). In the shown example, the spacer sequence is 19nt long
targeting the /uc gene encoding firefly luciferase (top) while the spacer sequence targeting ext-sgRNAs are 20 nts
long (bottom). (b) S. pneumoniae strains harboring constitutively expressed /uc and an IPTG-inducible dcas9
together with a constitutively expressed ext-sgRNA were grown in C+Y medium at 37°C in 96-well plates and
OD595nm and bioluminescence was recorded every 10 min. Averages of three replicates are shown. Relative
light units (RLU) over the optical density (OD) is shown on the Y-axis, time in h on the X-axis. Out of the 6
cloned and tested ext-sgRNAs, 4 showed similar /uc repression levels upon dCas9 induction compared to a normal
luc-targeting sgRNA. These are ext-sgRNAs containing BS1, BS2, BS3 and BS6. (¢) Schematic overview of the
three used ext-sgRNAs to construct the CRISPRIator and an example of how the used fluorescent reporters were

constructed with a specific BS in their 5’UTR, just downstream of the +1.
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Fig. S2. Capsule production correlates with mScarlet-I expression in the CAPSU]Iator. (a) Immunostaining of the
capsule shows capsule production in wild-type D39 and absence of capsule in Acps cells. There is no
(mNeonGreen, mTurquoise) to very faint (mScarlet-I) spectral overlap between the immunostaining and the
channels used for visualizing the CAPSU]lator. Scale bar 5 pm. (b) Fluorescence output and immunostaining of
the CAPSUlator, CAPSUlator Acps, CAPSUlator-OFF and CAPSUlator-ON (see fig. 3). The CAPSUIator shows

heterogeneous production of capsule and the three fluorescent proteins, CAPSUlator 4cps shows heterogeneous
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production of the three fluorescent proteins, but no capsule. In the CAPSUlator-OFF, the expression of mScarlet-
I and capsule are constitutively repressed, while in CAPSUlator-ON, the ext-sgRNA cycle remains intact, but
uncoupled from the repression of mScarlet-I and capsule, leading to constant expression of mScarlet-I and capsule.
Scale bar 5 pm. (¢) Correlation between capsule production measured as fluorescence intensity of the
immunostaining around the single cells, and the intensities of the three fluorescent signals (mScarlet-I,
mNeonGreen and mTurquoise?) in single cells. mScarletl and capsule intensities correlate (R?=0.52). (d)
Autocorrelation function of the fluorescence intensities in single CAPSUIator cells tracked in one mother machine
lane (oscillation time: 7 + 3 generations, 382 + 738 min). (e) Growth curves of strains D39V (wt), Acps,
CAPSUlator, CAPSUlator 4cps, CAPSUlator-OFF and CAPSUlator-ON. Bacteria were grown in C+Y medium
at 37°C in 96-well plates and OD595nm was recorded every 10 min. Averages of three replicates are shown. The
optical density (OD) is shown on the Y-axis, time in h on the X-axis. (f) Bacterial survival during starvation was
tested by resuspending exponentially growing cells in 1 x PBS followed by incubation at 25°C for 4, 6 or 24h.
Viable bacteria were quantified by plating and colony counting (see Methods). After 24h of starvation, all
synthetic GRNs except for the CAPSUlator-ON strain showed significantly reduced survival compared to wild

type D39V (two-tailed Mann-Whitney test; *p < 0.05, **p < 0.01) n>3.

Supplementary Data S1. Strains and Plasmids used in this study as separate .xlsx file
(Supplementary Data S1.xlsx).

Supplementary Data S2. Oligonucleotides used in this study as separate .xlsx file (Supplementary
Data S2.xlsx).
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