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Figure S1
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Figure S1: Tes�ng of mazF toxicity during growth in the presence of selec�on pressure.
-1Growth curve for F. nucleatum carrying either p. empty or p.mazF in the presence or absence of 100 ng ml  ATc. 

Thiamphenicol was added to select for plasmid maintenance. Shown is the op�cal density (OD ) over �me (h, hours) for 600nm

three biological replicates and the standard devia�on.



Figure S2
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Figure S2: Impact of rpoE or FoxI inducible expression on growth.          
-1Growth curve for F. nucleatum carrying either p. empty, p.rpoE or p.FoxI in the presence or absence of 100 ng ml  ATc. The �me 

point of ATc addi�on is indicated. Shown is the op�cal density (OD ) over �me (h, hours) for three biological replicates and 600nm

the standard devia�on.
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Figure S3: Analysis of spacing for the rpoE promoter mo�f. 
The bar charts display the distance between the -10 and -35 boxes (bo�om) as well as from the -10 box to the TSS (top). 
Numbers of associated promotors are plo�ed on the Y-axis.
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Figure S4

Figure S4: Quan�fica�on of FoxI levels upon exposure to different stress condi�ons. 
FoxI signal detected via northern blot was quan�fied for bacteria exposed to the indicated stress condi�ons. The average of 
three biological replicates rela�ve to that of the control is displayed together with the standard devia�on.
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Figure S5
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Figure S5: RT-qPCR analysis for addi�onal genes upon exposure to different stress condi�ons.
RT-qPCR analysis for mRNA of the indicated genes a�er exposing F. nucleatum to indicated stress condi�ons for 60 min. Data are 
normalized to the control and plo�ed as the average of three biological replicates with the standard devia�on. 
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Figure S6
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Figure S6: Response of sigma factors to the different stress condi�ons.
(A) Schema�c representa�on of the presence or absence of annotated sigma factors in species of F. nucleatum and members of the 
Fusobacterium genus. White fields mark the absence of the sigma factor. The black box indicates all conserved sigma factors 
inves�gated in this study.(B) qRT-PCR analysis for mRNA of the indicated genes a�er exposing F. nucleatum to indicated stress 
condi�ons for 60 min. Data are normalized to the control and plo�ed as the average of three biological replicates with the standard 
devia�on.

present in < 50% of strains

co
ntr

ol

Poly
myx

in
B

Ly
so

zy
me

NaC
l

Bile H
O2

2

Diam
ide

GNSO

Mito
myc

in
C

Hea
t s

ho
ck

Oxy
ge

n s
ho

ck

co
ntr

ol

Poly
myx

in
B

Ly
so

zy
me

NaC
l

Bile H
O2

2

Diam
ide

GNSO

Mito
myc

in
C

Hea
t s

ho
ck

Oxy
ge

n s
ho

ck

co
ntr

ol

Poly
myx

in
B

Ly
so

zy
me

NaC
l

Bile H
O2

2

Diam
ide

GNSO

Mito
myc

in
C

Hea
t s

ho
ck

Oxy
ge

n s
ho

ck



Figure S7
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Figure S7: Western blot quan�fica�on for different transla�onal reporters.
Quan�fica�on of western blots probed for mCherry expressed from the transla�onal reporter plasmids in the presence of FoxI 
or FoxI-3C analyzed in Figure 5 for (A) and Figure 6 for (B).  5'UTRs of the indicated genes were analyzed. The average of three 
biological replicates rela�ve to that of the control is displayed together with the standard devia�on. 
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Figure S8: IntaRNA target predic�on between mglB mRNA and FoxI-C4A.
Schema�c representa�on of the IntaRNA base-pairing predic�on between the mglB mRNA and the seed region mutant FoxI-C4A. 
The site of muta�on on the sRNA (grey) and the start codon of the mRNA (red) are indicated.
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Material and Methods 
 
Electroporation of F. nucleatum 

Preparation of electro-competent cells as well as delivery of plasmid DNA was 

achieved as described previously (1). In short, cells were harvested from the mid-

exponential phase, pelleted and washed five times with ice-cold pre-reduced 10 % 

(V:V) glycerol solution. 5 OD cells per transformation were used to transform 100 ng 

(replicative plasmid) or 10 µg (suicide vectors; dialyzed) DNA via electroporation 

(2.0 kV, 1-mm gap). Bacteria were recovered for 2 h prior to plating on BHI-C plates 

containing 5 µg ml-1 of thiamphenicol enabling selection of successful transformants.  

 
 
Construction of improved backbone pVoPo-00 

Our previously generated plasmid pEcoFus (1) was optimized and reduced in size as 

follows: The ColE1 replication of origin for E. coli as well as the catP resistance 

cassette for chloramphenicol/thiamphenicol were amplified from pEcoFus using 

primer pairs JVO-18069/ JVO-18070 and JVO-18071/ JVO-18072, respectively. The 

first primer pair includes a multiple cloning site and both fragments were assembled 

using NEBuilder Hifi Assembly Cloning kit (New England Biolabs) together with the 

promoter and 5’-UTR of the constitutive expressed flavodoxin C4N14_09865 

amplified from genomic DNA of F. nucleatum using JVO-18073/ JVO-18074. This 

yielded pFP76, which contains the catP gene constitutively, expressed from the 

inserted fusobacterial promoter. pFP76 was digested with PvuI and NotI and ligated 

with a similarly digested origin of replication for F. nucleatum (ORIFN) excised from 

pEcoFus. This resulted in the improved F. nucleatum – E. coli shuttle vector pVoPo-

00. 

 

Construction of transcriptional reporter system pVoPo-01 

The here generated pVoPo-00 was opened via inverted PCR (JVO-18273/ JVO-18274) 

and used for an assembly reaction together with mCherry amplified from pDSW1728 
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(2) (JVO-18339/ JVO-18340) as well as a single strand oligonucleotide (ssOligo) JVO-

18338 forming the 5’-UTR of acpP in F. nucleatum. The resulting vector was opened 

once more (JVO-18341/ JVO-18342) to insert a 50 bp promoter region of the 

constitutively expressed accD (C4N14_10115; ssOligo JVO-18344). This resulted in 

pVoPo-01, which was used to introduce the different promoter regions tested in this 

work. In all cases, pVoPo-03 was opened by inverted PCR (JVO-18341/ JVO-18342) 

and assembled with the different ssOligo containing the different promoter sites 

(Dataset S5). 

Construction of translation reporter system pVoPo-02 

The vector pVoPo-01 was opened by inverted PCR (JVO-19090/ JVO-19091) and 

assembled with an ssOligo (JVO-20214) to include a ScaI restriction site at 

transcriptional start and an in-frame XhoI site with the coding sequence of mCherry. 

This yielded pVoPo-02, which was used to generate translational fusions (see below).  

 

Construction of inducible system pVoPo-03 

To construct an inducible expression plasmid, the tetR-GUS cassette from pRPF185 

(3) was amplified (JVO-18371/JVO-18372) and assembled into the SpeI site of 

pVoPo-00. The resulting vector was opened via inverse PCR to remove the GUS gene 

and insert an XhoI restriction site (JVO-17537/ JVO-17538). The vector can be opened 

at transcriptional start site of the TetR-dependent promoter via the BamHI digestion. 

 

Construction of gene deletion system pVoPo-04 

pVoPo-03 was digested with XhoI and BamHI. The mazF gene was amplified to 

include an XhoI and BamHI restriction site as well as its natural 5’-UTR. Both 

fragments were ligated. To generate the fusobacterial suicide vector pVoPo-04, the 

tetR-mazF expression cassette was transferred into pFP76 via the SpeI site (JVO-

18075/ JVO-18076). 
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Construction of translational fusions for studying the post-transcriptional regulation 

mediated by FoxI 

pVoPo-02 was further digested with EcoRI to insert the FoxI or FoxI-3C 

overexpression cassette from pFP10 and pFP70, respectively, via isothermal 

assembly reaction to ensure the desired directionality. Each vector was then digested 

with ScaI and XhoI and ligated with similarly digested PCR products and regions of 

interest containing the 5’ UTR and the first 30 nucleotides of the target genes, 

generating the target vectors (see Dataset S5 for primers used).  

Construction of protein and sRNA inducible expression vectors using pVoPo-03 

To evaluate the effect of σE expression, we amplified rpoE from the genomic DNA of 

F. nucleatum and placed it in the BamHI site in pVoPo-03. To enable higher 

translation, we added a short synthetic 5’ UTR (4) by opening the vector via inverse 

PCR (JVO-19601/ JVO-18355) and assembling it with the ssOligo (JVO-19605). This 

generated pVoPo-03-σE (p.rpoE). To achieve inducible expression of mCherry, we 

amplified the mCherry gene from pVoPo-01 (JVO-19865/JVO-19866) and replaced 

rpoE in p.rpoE through inverse PCR (JVO-18355/JVO-18346). To insert FoxI, FoxI-3C 

or FoxI-C4A under control of TetR, we amplified foxI from gDNA of F. nucleatum, FoxI-

3C from pFP70 and FoxI-C4A from pFP181 and placed in the BamHI site of pVoPo-03 

via isothermal assembly to have the sRNA start at the transcriptional site of the 

system.   

 

Construction of pVoPo-FP for the expression of different fluorescence proteins 

Codon-optimized sequences of superfolder GFP (sfGFP), mNeonGreen and mScarlet-

I were synthesized by Eurofins. The sequences can be found in Dataset S5. First, 

p.rpoE used as a template to insert mScarlet-I downstream of the 5’ UTR by opening 

the vector with JVO-19859 / JVO-19860. This product was used together with 

mScarlet-I amplified via JVO-19869 / JVO-19870 for an assembly reaction. The 

subsequent vector was opened with JVO-20852 / JVO-20853 and used with the 

ssOligo JVO-20859 in an assembly reaction to insert the promoter of the fusobacterial 
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acpP. This resulted in pVoPo-mSc. To insert sfGFP and mCherry, the individual gene 

products were amplified with JVO-21080 / JVO-21081 and JVO-21082 / JVO-21083, 

respectively, and assembled with pVoPo-mSc opened via JVO-21079 / JVO-19859. 

This resulted in pVoPo-GFP and pVoPo-mCh. As the same strategy was unsuccessful 

for the generating a vector expressing mNeonGreen, we placed mNeonGreen in the 

backbone of pVoPo-02. For this, pVoPo-02 was opened with JVO-19275 / JVO-19276 

and assembled with mNeonGreen amplified using JVO-19279 / JVO-19280. This 

yielded pVoPo-mNG. Of note, due to the difference in codon usage between E. coli and 

F. nucleatum, high expression of any gene, codon-optimized for or native to F. 

nucleatum, can result in spontaneous mutation or otherwise inactivation of the gene 

product in E. coli. 

 

Northern blot 

Detection of RNA via northern blot was carried out as described before (1). In short, 

3 µg of DNaseI treated total RNA was separated on a 6% polyacrylamide gel (7 M 

urea). Afterwards, the RNA was transferred to Hybond-XL membranes and 

hybridized overnight at 42 °C with [γ32]-ATP end-labelled deoxyribonucleotide 

probes (Dataset S5). The signal was visualized using a Typhoon FLA 7000 

phosphoimager (GE Healthcare).  

 

Western blot 

Detection of proteins using western blot was carried as described before (1). Briefly, 

0.2 OD600 nm units were loaded on denaturing SDS-polyacrylamide gel for SDS PAGE 

analysis. Proteins were transferred to polyvinylidene fluoride (PVDF) membranes. 

After transfer, equal loading was verified by staining with Ponceau S solution. 

mCherry was detected using rabbit anti-mCherry polyclonal antibody (Life 

Technology PA534974) as a primary antibody in combination with an anti-rabbit 

secondary antibody (Thermo Fisher Scientific, catalogue no. 31460). 
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cDNA library preparation for RNA-seq 

The cDNA library preparation was carried out by Vertis (Munich, Germany). The first 

step consisted in rRNA removal. The rRNA depleted RNA was then fragmented via 

ultrasound (1 pulse of 30 seconds; 4 °C). The fragmented RNA was used to ligate an 

adapter to the 3’ end of the molecules. For first-strand cDNA synthesis, the M-MLV 

reverse transcriptase was used in conjunction with the introduced 3’-adapter serving 

as a primer. After purification, 5’ Illumina TruSeq sequencing adapters were ligated 

to the cDNA. The resulting cDNA was used as input for PCR amplification (10 – 20 ng 

µl-1). The amplified cDNA was purified using the Agencourt AMPure XP kit (Beckman 

Coulter Genomics) and evaluated via capillary electrophoresis. The cDNA was pooled 

and further purified to include only cDNA from 200 – 600 bp using a preparative 

agarose gel. The finished pooled libraries were sequenced by the Core unit SysMed 

(University of Würzburg) using an Illumina NextSeq 500 system and 75 bp read 

length. 

 

Read mapping and differential gene expression analysis 

Reads from the RNA-seq experiments were trimmed and filtered using the FASTX 

toolkit (v.0.10.1; http://hannonlab.cshl.edu/fastx_toolkit). Mapping was performed 

using READemption (v.1.01) (5) against the genome sequence for F. nucleatum subsp. 

nucleatum ATCC 23726 (NZ_CP028109.1) downloaded from the National Center for 

Biotechnology Information (NCBI). Differential gene expression analysis was 

performed using DEseq2 (v.1.18.01) (6). The data from biological triplicates was used 

for the analysis. For the experiment concerning the σE expression, exposure to oxygen 

or polymyxin B, the genes had to show a log2 fold change ≤ -1 or ≥ 1 to be marked as 

significantly regulated. For the experiment concerning the pulse expression of FoxI 

or seed region mutants of the sRNA, the fold change of genes to be considered 

significantly changed was set to either ≤ -0.5 or ≥ 0.5. In both cases, the differentially 

expressed genes were only considered if their false-discovery-rate (FDR) was ≤ 0.05. 

 

http://hannonlab.cshl.edu/fastx_toolkit
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Generation of phylogenetic tree 

We obtained the data of the phylogenetic tree from Coleman et al. (2021) (7) and used 

it as input to visualize the phylogenetic tree via ggtree (8) to generate Figure 1A. 

 

In silico target prediction 

Prediction of sRNA targets was carried using IntaRNA (v. 2.0.4) (9). As input we used 

all genes significantly downregulated with σE expression (see Fig. 3). For this, we 

extracted the nucleotide sequences for the entire CDS as well as the 5’-UTR. In case 

we were not able to determine the 5’-UTR, we took additional 50 nt upstream of the 

start codon. The prediction was carried out using standard settings with the 

exception of running it in the heuristic mode and allowing the seed region to consist 

out of up to three base pairs.   

 

Datasets (separate files) 
 

Dataset S1 (separate file): Overview of differential gene expression analysis for the pulse 

expression of sigma E comparing WT or foxI strain to the respective empty vector control. 
 
Dataset S2 (separate file): Overview of differential gene expression analysis for F. nucleatum 
exposed to polymyxin B or oxygen for 20 min comapred to the untreated control. 
 
Dataset S3 (separate file): Overview of DEseq2 analysis for gene expression analysis for pulse 
expression of FoxI and two seed-region mutants. 
 
Dataset S4 (separate file): IntaRNA predicition for FoxI and genes downregulated upon sigma E 
induction. 
 
Dataset S5 (separate file): Overview of strains, plasmids, oligonucleotides and gene products 
used in this study. 
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