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ABSTRACT 16 
 17 
Bacterial restriction-modification (R-M) systems are a first line immune defense against foreign DNA from 18 
viruses and other bacteria. While R-M systems are critical in maintaining genome integrity, R-M nucleases 19 
unfortunately present significant barriers to targeted genetic modification. Bacteria of the genus 20 
Fusobacterium are oral, Gram-negative, anaerobic, opportunistic pathogens that are implicated in the 21 
progression and severity of multiple cancers and tissue infections, yet our understanding of their direct roles 22 
in disease have been severely hindered by their genetic recalcitrance. Here, we demonstrate a path to 23 
overcome these barriers in Fusobacterium by using native DNA methylation as a host mimicry strategy to 24 
bypass R-M system cleavage of user introduced plasmid DNA. We report the identification, characterization, 25 
and successful use of Fusobacterium nucleatum (Fn) Type II and III DNA methyltransferase (DMTase) 26 
enzymes to produce a multi-fold increase in gene knockout efficiency in the strain Fusobacterium nucleatum 27 
subsp. nucleatum 23726  (Fnn 23726), as well as the first efficient gene knockouts and complementations 28 
in Fnn 25586. We show plasmid protection can be accomplished in vitro with purified enzymes, as well as 29 
in vivo in an E. coli host that constitutively expresses Fnn DMTase enzymes. By characterizing specific 30 
DMTases that are critical for bypassing R-M systems, we have enhanced our understanding of potential 31 
enzyme combinations, with the goal of expanding these studies to genetically modify clinical isolates of 32 
Fusobacterium that have thus far been inaccessible to molecular characterization. This proof-of-concept 33 
study provides a roadmap to guide molecular microbiology efforts of the scientific community to facilitate the 34 
discovery of new Fusobacterium virulence genes, thereby leading to a new era of characterizing how an 35 
oral opportunistic pathogen contributes to an array of human infections and diseases. 36 
 37 
IMPORTANCE 38 
 39 
Fusobacterium nucleatum is an oral opportunistic pathogen associated with diseases including cancer and 40 
preterm birth. Our understanding of how this bacterium modulates human disease has been hindered by a 41 
lack of genetic systems. Here we show that F. nucleatum DNA methyltransferase modified plasmid DNA 42 
overcomes the transformation barrier and allows the development of genetic systems in previously 43 
inaccessible strains. We present a strategy that can be expanded to enable the genetic modification of 44 
clinical isolates, thereby fostering investigational studies to uncover novel host-pathogen interactions in 45 
Fusobacterium. 46 
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 47 
INTRODUCTION 48 
 49 
Bacteria have multiple mechanisms to keep out foreign DNA elements including physical barriers in the form 50 
of membranes, and innate and adaptive nucleotide recognizing systems to degrade foreign DNA before 51 
costly genome integration1-3. This ability to recognize self-versus non-self DNA is critical for productive 52 
genetic exchanges through horizontal gene transfers (HGT) between close species to receive adaptive 53 
advantages 4-6. The two main nucleic acid surveillance systems bacteria deploy are restriction modification 54 
(R-M systems) and CRISPR-Cas (clustered, regularly interspaced palindromic repeat-CRISPR-associated 55 
proteins) systems. In addition, a new system known as DISARM has joined the bacterial arsenal of DNA 56 
defense systems7. CRISPR-Cas systems are considered adaptive immune components because of their 57 
ability to chromosomally integrate foreign (i.e., viral) DNA to create memory for subsequent encounters8-11. 58 
In addition, rather newly characterized BREX (Bacteriophage Exclusion) systems exists in 10% of the 59 
sequenced bacterial genomes and block phage DNA replication and lysogeny in infected cells12,13. BREX 60 
differentiates itself from R-M systems in that phage DNA is not cleaved or digested, which suggests a unique 61 
bacterial defense system. While R-M systems serve bacteria well in their survival and adaptation, they 62 
present significant challenges for researchers aiming to understand these organisms through genetic 63 
manipulation in the form of gene knockouts. This genetic recalcitrance is widespread throughout the 64 
bacterial kingdom, and in many cases, leads researchers to gravitate towards using strains that have robust 65 
genetic systems, instead of the strains they truly want to study which have strong R-M system barriers. 66 

R-M systems consist of restriction endonucleases (REases) and DNA methyltransferases (DMTase), 67 
which can either exist as a paired REase/DMTase operon that can also contain additional specificity genes, 68 
or lone DMTase genes14-16. The system works when REases cleave DNA that does not have the proper 69 
DMTase induced methylation sequences, thereby signaling to the bacteria that the detected DNA is foreign 70 
and unwanted. R-M systems are classified as Type I, II, III or IV according to their molecular structure, 71 
subunit composition, cleavage position, restriction site, and cofactor specifications (Fig S1). Type I (genes 72 
hsdRMS) cuts exogenous DNA by forming protein complexes and random cleavage usually happens at 73 
substantial distances from an asymmetric recognition sequence (400 to 7,000 bp)17, while Type II consists 74 
of an individual restriction endonuclease and methyltransferase that cleave DNA at symmetrical recognition 75 
sites18. In a similar way to Type I, Type III forms a protein complex necessary for the restriction enzyme 76 
activity; however, the methyltransferase can function independently. DNA cleavage for Type III RM systems 77 
takes place 25 to 27 bp 3′ to an asymmetrical recognition sequence that is 5 to 6 bp in length19.Furthermore, 78 
Type IV systems asymmetrical recognize DNA sequences, and cleavage by REases at a defined distance 79 
from the recognition siteres. In addition, some of these systems contain multiple DMTases that can be 80 
adenine or cytosine specific, as well as the REase oddly showing methyltransferase activity17,20-22. 81 

Fusobacterium, especially the species Fusobacterium nucleatum (Fn), has garnered significant 82 
attention since this bacterium was reported to be overrepresented in colorectal cancer tumors more than a 83 
decade ago23-25. Classical studies mainly focused on the role of Fn in oral infections and diseases including 84 
periodontitis26,27, severe organ infections28-31, and preterm birth32-34. The majority of recent studies have 85 
shifted to focus on a potential direct causal role in adverse cancer phenotypes including heightened 86 
inflammation35-37, production of a carcinogenic metabolite38, induced metastasis39-41, DNA damage42-44, 87 
increased resistance to frontline chemotherapy drugs45,46, and overall worse patient prognosis35,47,48. Despite 88 
an increasing interest in understanding how this bacterium contributes to cancer, there are very few 89 
mechanistic studies of specific bacterial effector genes due to R-M system induced genetic recalcitrance. 90 
Because of this, our current molecular studies have been limited to a few Fusobacterium strains that are 91 
able to acquire ‘naked’ DNA and incorporate it into their genome by recombination with homologous 92 
sequences or, in the case of episomal multi-copy plasmids, by establishing a new episome. Of these are 93 
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Fusobacterium nucleatum subsp. nucleatum 23726 (Fnn 23726; transformation by electroporation)49-51, 94 
Fusobacterium nucleatum subsp. polymorphum (Fnp 10953; transformation by  electroporation)52, 95 
Fusobacterium nucleatum subsp. polymorphum 12230 (Fnp 12230; transformation by sonoporation)53, and 96 
a recent paper highlighting the first gene interruption in Fusobacterium necrophorum using DNA conjugation 97 
from E. coli54,55. Needless to say, these four strains do not encompass all of the Fusobacterium subspecies 98 
and their respective infections and diseases that we would like to study and highlights the need for molecular 99 
biology and biochemical studies to achieve universal genetics. 100 

Seminal studies have successfully used DMTases to modify and protect plasmid DNA to facilitate 101 
molecular genetics in several other bacteria56-58. What we currently know about the R-M systems of 102 
Fusobacterium largely exist as bioinformatic predictions based on DMTase classification in the REBASE 103 
database59. However, this bioinformatic classification in most cases does not come with experimental DNA 104 
methylation analyses to match enzymes with their target sequences. Additionally, even when a DMTase is 105 
matched with its recognition and methylation sequence, this does guarantee that these modifications will be 106 
important for effectively protecting and transforming plasmid DNA. Therefore, the goal of this study was to 107 
biochemically characterize and utilize a broad range of Fn DMTases in host-mimicry by methylation to 108 
accelerate bacterial genetics in previously inaccessible strains. This technique has been used successfully 109 
in many studies but was coined Plasmid Artificial Modification (PAM) where it was used to enhance 110 
transformation in Bifidobacterium adolescentis60. We successfully report the use of Fn DMTase enzymes 111 
produced in E. coli to protect plasmid DNA, facilitating a significant increase in chromosomal incorporation 112 
of plasmid and transposons in multiple Fn strains, as well as the development of the first gene deletions in 113 
Fnn 25586. Our study is not exhaustive because of the sheer number of strains and enzymes that could 114 
have been tested, but we believe our successful strategies will provide a flexible roadmap for the scientific 115 
community to adopt DMTase based methods for genetic manipulation in Fusobacterium. 116 
 117 
RESULTS 118 
 119 
Bioinformatic identification and classification of R-M systems in Fusobacterium. As shown in Figure 120 
1A, bacterial R-M systems act by blocking exogenous DNA from entering and being incorporated into the 121 
genome by digesting foreign, improperly methylated DNA that does not contain the ‘password’ for safe entry. 122 
Scientists have exploited this defense mechanism by using strain specific DMTase enzymes to pretreat 123 
DNA before electroporation or natural competence to improve transformation efficiency58. In this study, to 124 
identify potential Fusobacterium DMTases we could use to bypass R-M systems to increase the efficiency 125 
of transformation and DNA recombination, we queried the online databases REBASE59, FusoPortal61, and 126 
NCBI62 to characterize R-M systems. We analyzed 25 strains of Fusobacterium nucleatum in REBASE 127 
covering the subspecies nucleatum (Fnn), animalis (Fna), vincentii (Fnv), and polymorphum (Fnp) for the 128 
number and classification of their R-M systems as shown in Figure 1B. There was an overall propensity for 129 
Fn strains to have a higher number of Type II DMTase genes, yet there was not a strong overall pattern of 130 
the number or class of R-M systems that differentiated the subspecies. As shown in Figure 1C, we highlight 131 
three strains of Fn covering subspecies nucleatum and animalis. The genetically tractable strain Fnn 23726 132 
encodes 4 R-M systems as shown in Figure 1C; one Type I, two Type II, and one BREX system. Fnn 25586 133 
lacks Type I R-M systems but has three Type II and two Type III DMTases that proved critical for enabling 134 
molecular genetics in this strain.  Surprisingly, an extreme number of R-M systems were identified in F. 135 
nucleatum subsp. animalis 7_1 (Fna 7_1), for a total of 11 R-M systems (two Type I and nine Type II). 136 

An orthodox Type II R-M system includes two independent genes in an operon: a DMTase and a 137 
REase. However, as shown in Figure 1C, the strong presence of lone methyltransferases was discovered 138 
in multiple Fn strains, and we later show these are crucial for protecting DNA for safe passage and genetics. 139 
These bioinformatic studies also confirmed the presence of the Type II BREX system in several  140 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 20, 2022. ; https://doi.org/10.1101/2022.07.20.500824doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.20.500824
http://creativecommons.org/licenses/by-nd/4.0/


 

 

 141 

 142 
Figure 1. Restriction modification system classification in Fusobacterium. (A) Overview of how R-M systems utilize bacteria 143 
specific DNA methylation to mark the chromosome as ‘self’ DNA, thereby restriction digesting invading DNA that does not contain 144 
the proper methylation patterns. (B) Classification and quantitation of R-M systems in 25 strains of Fn covering the four 145 
subspecies: polymorphum (Fnp), vincentii (Fnv), animalis (Fna), and nucleatum (Fnn). (C) Genome location and renaming of Type 146 
II and Type III DMTases in three strains of Fn used in this study recreated from that on the REBASE website.  147 
 148 
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 149 
Fusobacterium strains. The BREX system is generally composed of a 4-8 gene cluster,12 and in 150 
Fusobacterium is predicted to methylate adenine residues similar to E. coli63. However, since the restriction 151 
site for this enzyme is yet to be characterized, and these systems have not been shown to be important for 152 
efficient molecular microbiology efforts, we did not focus on using these enzymes for plasmid protection. 153 
Finally, no Type IV R-M systems were discovered in the Fn strains analyzed in this study. Utilizing REBASE, 154 
we identified the predicted DNA recognition and methylation sites for all Type II and Type III DMTases in 155 
the five strains of Fn that we use in this study: Fnn 23726, Fnn 25586, Fna 4_8, Fna 7_1, Fnp 10953 (Table 156 
S1). Nearly all DMTases are predicted to be adenine DNA methyltransferases, where methylation occurs at 157 
the nitrogen at position six in the ring (N6) of the adenine (N6-mA or 6mA), which is a common theme for A-158 
T rich bacterial genomes (Fn >70% A-T). 159 
 160 
Recombinant production and characterization of DMTases. To focus our study, we chose to utilize and 161 
characterize all Type II and Type III DMTase enzymes in the strains Fnn 23726 and Fnn 25586. As shown 162 
in Figure 2, we cloned (Fig 2A), expressed, and purified (Fig 2B) five enzymes (M.Fnn23.I, M.Fnn23.II, 163 
M.Fnn25.I, M.Fnn25.IV, M.Fnn25.V). M.Fnn23.I and M.Fnn23.II were used to treat the plasmid pDJSVT13 164 
as described below that we previously used to knock out the galKT genes in Fnn 2372664.  165 
 166 

 167 
 168 
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Figure 2. Fn DMTases protect plasmid DNA and allow for more efficient chromosomal plasmid incorporation in Fnn 169 
23726. (A) Schematic of our process to produce recombinant DMTases that are next used to treat plasmid DNA in vitro prior to 170 
electroporation into Fnn 23726. (B) SDS-PAGE gel of purified of five purified DMTases from Fnn 23726 and Fnn 25586. (C) 171 
Methylation of pDJSVT13 with M.Fnn23.I protects against DNA cleavage by the REase NlaIII (NEB), which cuts at CATG sites. 172 
(D) Methylation of pDJSVT13 with M.Fnn23.II protects against DNA cleavage by the REase SfNaI (NEB), which cuts at GATGC 173 
sites. (E) Methylation of pDJSVT13 results in significantly more transformation and chromosomal incorporation. (F) By changing 174 
the CATG sequences to CACG, which are the target for the DMTase M.Fnn23.I, transformation efficiency is significantly increased 175 
even in the absence of methylation. Statistical values are as follows: nsP >0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 176 
0.0001. 177 
 178 
Recombinant DMTases protect plasmid DNA from REase digestion. To show that our recombinant 179 
enzymes from Fnn 23726 were active, we identified commercially available REases that matched the 180 
methylation sequences of M.Fnn23.I and M.Fnn23.II. By methylating the plasmid pDJVST13 with M.Fnn23.I, 181 
we show that adenine methylation in the sequence CATG blocks cleavage by the endonuclease NlaIII, which 182 
recognizes the same sequence and cleaves 3’ to the guanine (Fig 2C). Next, we methylated pDJSVT13 183 
with M.Fnn23.II, and show that methylation of the adenine in GATGC protects DNA from cleavage by SfNaI, 184 
which recognizes GCATC(N5) and cleaves 3’ to the N5 sequence (Fig 2D). This protection of DNA from 185 
cleavage by methylation indicates using these enzymes in tandem would allow more efficient homologous 186 
recombination in Fnn 23726 post electroporation. 187 
 188 
Plasmid DNA methylated with recombinant DMTases increases chromosomal integration for the 189 
galKT gene knockout plasmid pDJSVT13 in Fn 23726. As shown in Figure 2E, methylation of pDJSVT13 190 
with M.Fnn23.I results in significantly more colonies after transformation, indicating protected DNA was not 191 
degraded before homologous recombination with the galKT operon in Fnn 23726. M.Fnn23.II alone did not 192 
have a drastic effect but did increase efficiency. Last, the combination of M.Fnn23.I and M.Fnn23.II resulted 193 
in the most robust increase in transformation and chromosomal incorporation, thereby greatly enhancing 194 
the efficiency of creating gene knockouts.  195 

As M.Fnn23.I appears to be the dominant enzyme for protecting DNA in Fnn 23726, we made a 196 
pDJSVT13 ∆CATG plasmid, now called pDJSVT21, in which the four sites were eliminated with silent single 197 
nucleotide mutations. Figure 2F shows that pDJSVT21 transforms significantly better than pDJSVT13. The 198 
addition of M.Fnn23.I or M.Fnn23.II individually did not increase transformation efficiency over pDJSVT21. 199 
However, the addition of both enzymes did, which could mean that these enzymes are methylating at more 200 
than their bioinformatically predicted sites. 201 
 202 
In vivo methylation of plasmids increases transformation of gene knockout and transposon 203 
plasmids. We next developed plasmids that place the m.fnn23.I and m.fnn23.II DMTase genes downstream 204 
of a strong constitutive ‘Anderson’ promoter (iGEM part BBa_J23101) and before a short terminator (iGEM 205 
part BBa_00014). Plasmid pDJSVT24 contains m.fnn23.I, pDJSVT25 contains m.fnn23.II, and pDJSVT26 206 
contains both m.fnn23.I and m.fnn23.II (Fig 3A). TOP10 E. coli containing one of the aforementioned 207 
plasmids expressing Fnn 23726 DMTases were transformed with the galKT gene knockout plasmid 208 
pDJSVT13, followed by plasmid purification from overnight growths. Upon transformation of this mixed pool 209 
of plasmids into Fnn 23726 and selection on thiamphenicol containing media to select for chromosomal 210 
incorporation of pDJSVT13, we show that this simple method of plasmid methylation is effective at 211 
significantly increasing transformation rate. M.Fnn23.I alone results in a marginal increase in efficiency, but 212 
methylation by both enzymes significantly increases transformation rates by more than fifty-fold (Fig 3B). 213 
As Top10 E. coli do possess Dam+ and Dcm+ methylation systems, we also used methylation free E. coli 214 
ER279665 and show that plasmids purified from both strains transformed at the same rate into Fnn 23726 215 
when pDJSVT26 was present and expressing M.Fnn23.I and M.Fnn23.II (Fig3C).  216 
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We next show that the mini Tn5 transposon harboring plasmid pBAMD1-466 can be transformed into 217 
Fnn 23726, Fnn 25586, and Fnp 10953 after methylation with M.Fnn23.I and M.Fnn23.II, which we believe 218 
is the first time a spectinomycin resistant plasmid has been used for genetics in Fusobacterium. Important 219 
to note is that unmethylated plasmid was unsuccessful at producing transposon insertions in these three 220 
strains (Fig 3D). We do note that this system is not highly efficient and would benefit from using a more 221 
complete repertoire of DMTases from the respective strains. Overall, compared with in vitro plasmid 222 
treatment with recombinant DMTases, creation of an E. coli strain expressing Fn DMTases works just as 223 
well and requires less effort than purifying multiple proteins. However, the difficulty of creating plasmids with 224 
a significant number of DMTase genes makes this method increasingly challenging.  225 
 226 

 227 
Figure 3. In vivo methylation in E.coli expressing M.Fnn23.I and M.Fnn23.II enhances plasmid transformation and 228 
chromosomal incorporation of plasmids and transposons. (A) Schematic of in vivo methylation of plasmids with Fnn 23726 229 
DMTases. (B) Transformation of pDJSVT13  is significantly increase by co-expressing M.Fnn23.I and M.Fnn23.II. (C) Comparison 230 
of methylation positive (TOP10) and methylation negative (ER2796) E. coli reveals that native E. coli methylation does not inhibit 231 
the transformation of pDJSVT13 when Fnn 23726 DMTases are concurrently expressed. (D) In vivo methylation of the pBAMD1-4 232 
transposon plasmid allows for transformation and chromosomal transposon insertion into multiple strains of Fn. Statistical values 233 
are as follows: nsP >0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 234 
 235 
Passaging of a plasmid in Fn allows for the transformation into additional strains. A common method 236 
of permitting plasmid to be transformed into a genetically recalcitrant strain of interest is to first transform 237 
into a similar, yet genetically competent strain, followed by repurification of the plasmid containing species 238 
specific methylation patterns (Fig 4A)57. This plasmid frequently can then be transformed into the strain of 239 
interest. Here we tested this classic method and show that passage of the episomal, multicopy 240 
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Fusobacterium plasmid pHS3049 in Fnn 23726 can be purified and then transformed into Fnp 10953, but not 241 
Fnn 25586, Fna 7_1, or Fna 4_8. When plasmid is repurified from Fnp 10953, this plasmid can only be 242 
retransformed back into Fnn 23726, revealing that the RM systems in the other strains are not compatible 243 
with Fnn 23726 and Fnp 10953 (Fig 4B). After methylating pHS30 with five DMTases to allow transformation 244 
into Fnn 25586, repurified plasmid was only able to be transformed into Fnn 23726. And once again, 245 
repurification of the plasmid from Fnn 23726 was only able to be transformed back into Fnp 10953.  246 
 247 
 248 

 249 
 250 

Figure 4. Passaging of a multicopy plasmid in Fn allows passage to additional strains. (A) Schematic of our passaging 251 
method for the Fusobacterium multi-copy plasmid pHS30, and purification of this plasmid for retransformation into different Fn 252 
strains. (B) pHS30 from Fnn 23726 can be transformed into Fnp 10953, and repurification from this strain allows transformation 253 
back into Fnn 23726. pHS30 from Fnn 25586 can be transformed into Fnn 23736, and repurification from this strain allows 254 
transformation back into Fnp 10953. (C) Heat map of the number of RM systems in the five Fn strains analyzed. Colored dots 255 
below the strain correlate with the strains of the enzymes found in the phylogenetic tree in Fig 4D. (D) Phylogenetic tree of 23 256 
Class II and III DMTase genes from five Fn strains. Methylation sites as predicted by REBASE.  257 
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 258 
To better understand why there was limited plasmid passaging between Fnn strains, we analyzed 259 

the Type II and Type III DTMases in the five Fn strains tested above. We first compare the number of genes 260 
present in the strains for all classes of DMTases and note that all strains contain a higher number of Type II 261 
genes than the other classes (Fig 4C). However, other than strain Fna 7_1 having an extreme number of 262 
Type II RM systems, these data do not provide an obvious answer as to why the majority of these 263 
Fusobacterium strains are so genetically recalcitrant. To take a deeper look we assembled a phylogenetic 264 
tree of the 23 Type II and Type III DMTases from the five strains (Fig 4D). We have revealed clusters of 265 
enzymes with predicted DMTase recognition sites that could be exploited to produce a library of enzymes 266 
that could be used for bypassing RM systems in multiple strains. When analyzing the 23 DMTases from 267 
these five Fn strains, it stands out that the enzymes are predicted to methylate only ten recognition sites. 268 
These data also uncover that of the nine enzymes in Fna 7_1, which cover six predicted recognition 269 
sequences, only two of these sequences are predicted to be methylated by Fnn 23726 and Fnn 25586, 270 
leaving a large number of sequences unmethylated and the likely reason why plasmid was unable to be 271 
passed from these strains to Fna 7_1.  272 
 273 
Fnn 25586 and Fnn 23726 DMTases allow for the development of the first genetic system in Fnn 274 
25586. Fnn 25586 is one of the classical strains that has been studied for more than four decades67, yet 275 
molecular studies have not been possible because of the inability to be transformed. Our goal was to use 276 
the same system we developed previously for gene knockouts in Fnn 2372664. As shown in Figure 5 we 277 
used two DMTases from Fnn 23726 (M.Fnn23.I, M.Fnn23.II; same exact enzymes as M.Fnn25.II and 278 
M.Fnn25.III. Fig 1C), and three from Fnn 25586 (M.Fnn25.I, M.Fnn25.IV, M.Fnn25.V) to bypass RM systems 279 
in Fnn 25586 and create the first counterselectable genetic system. Purification of these recombinant 280 
enzymes was followed by methylation of pDJSVT13 and transformation by electroporation (Fig 5A). 281 
Colonies that grew on thiamphenicol containing plates indicated chromosomal integration by homologous 282 
recombination before (Fragment A) or after (Fragment B) the galKT operon (Fig 5B).  PCR and sequencing 283 
verification of chromosomal integration (A or B single crossover; Fig 5C-D) was followed by double 284 
crossover events in non-selective media and plating on plates containing deoxygalactose, which verified 285 
excision of the galKT operon because the presence of galKT makes 2-Deoxy-D-galactose toxic (Fig E-F). 286 
Fnn 25586 ∆galKT grows with the same fitness as Wild-Type Fnn 25586, WT Fnn 23726 and Fnn 23726 287 
∆galKT (Fig 5G).   288 
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 289 
 290 

Figure 5. Development of a galactose selectable genetic system in Fnn 25586. (A) Schematic of the strategy to use five purified 291 
Fn DMTases to methylate plasmid pDJSVT13 to transform into Fnn 25586. (B) Schematic of single-crossover and galKT gene 292 
deletions using plasmid pDJSVT13, which first homologously recombines with up- and downstream sequences of the galKT operon. 293 
Primers noted that are used for PCR verification. (C) PCR verification of the initial chromosomal incorporation (A crossover) as well 294 
as the full operon deletion (∆galKT). (D) Sanger sequencing verification of a full, clean, deletion of the galKT operon. (E) Selection 295 
for A-crossover strains on thiamphenicol (T5) containing plates, and verification that the ∆galKT strain has removed the vector and 296 
antibiotic cassette and no longer grows on thiamphenicol. (F) Proof of survival of ∆galKT on plates containing deoxygalactose 297 
(dGal), which is toxic to wild type Fnn 25586. (G) Growth curves show no growth defect for Fnn 25586 ∆galKT compared to WT Fnn 298 
25586, WT Fnn 23726, and Fnn 23726 ∆galKT.  299 
 300 
Development of Fnn 25586 ∆fap2 and ∆fadA strains. As a proof-of-concept, we made clean chromosomal 301 
deletions in genes fap2 and fadA in Fnn 25586 ∆galKT (Fig 6). This approach followed the same system 302 
that we initially used to knock out the galKT operon (Fig 5) to make a galactose selectable system possible. 303 
We report the clean deletions of the large, outer membrane, autotransporter adhesin fap2 (> 10 kb) and the 304 
small, outer membrane adhesin fadA (390 bp), both of which have been studied extensively for their roles 305 
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in Fn pathogenicity (Fig 6A-F)68-71. These gene deletions don’t cause any adverse growth phenotypes when 306 
compared to the parent strain Fnn 25586 ∆galKT (Fig 6G). Our final experiment was to complement a gene 307 
deletion back onto the chromosome at the arsB gene64 (Fig 6H), which confers arsenic resistance to bacteria 308 
but is not essential or necessary for Fn grown under laboratory conditions72. Because of this method, we 309 
witnessed that gene deletions in Fnn 25586 are now as efficient as Fnn 23726 (Data not shown), which has 310 
long been considered the most genetically tractable strain and therefore the strain with the most molecular 311 
studies. In addition, we report that like the system for Fnn 23726, there appear to be no differences in 312 
efficiency when deleting large (fap2; 10 kb) or small (fadA; 390 bp) genes in Fnn 25586.  313 

 314 

 315 
 316 

Figure 6. Gene deletions of fap2 and fadA, as well as fadA complementation in Fnn 25586. (A) Schematic for the deletion of 317 
the genes fap2 (>10kb) and fadA (390 bp) and primers used for PCR verification. Plasmids pTNVT01 and pTNVT02 correspond to 318 
plasmids created to delete fap2 and fadA, respectively. (B) PCR verifying the ∆fap2 mutant in Fnn 25586. (C) PCR verifying the 319 
∆fadA mutant in Fnn 25586. (D) Sanger sequencing verification of a full, clean, deletion of the fap2 and fadA genes. (E) Streaking 320 
Fnn 25586 ∆fap2 and ∆fadA on thiamphenicol containing plates (T5) verifies the chromosomally integrated plasmid has been 321 
excised by homologous recombination. (F) Streaking Fnn 25586 ∆fap2 and ∆fadA on galactose containing plates (T5) verifies the 322 
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chromosomally integrated plasmid has been excised by homologous recombination. (G) Growth curves show no fitness effects 323 
from fap2 and fadA gene deletions. (H) Complementation of the fadA gene (∆fadA::fadA) onto the chromosome at the arsB gene 324 
using a single-crossover homologous recombination plasmid and confirmation by PCR. 325 
 326 
 327 
DISCUSSION 328 
 329 
Bacterial restriction-modification systems are important in both protection of bacteria from invading foreign 330 
DNA, as well as using methylation as an epigenetic switch to control gene regulation73. Our hypothesis was 331 
that if we could bypass Fusobacterium restriction modification systems it would enhance genetic efficiency 332 
in currently tractable strains, as well as leap the hurdle of developing new systems in strains that are 333 
inaccessible to molecular methods. Herein, we show that using strain specific DMTases from Fusobacterium 334 
nucleatum to methylate custom gene deletion plasmids leads to more efficient gene deletions, gene 335 
complementations on the chromosome, as well as the introduction of a multi-copy plasmid that could be 336 
used for a range of tasks including gene complementation and protein overexpression. Our results show a 337 
multifold increase in the efficiency of transformations and subsequent chromosomal incorporation of gene 338 
deletion plasmids in the genetically tractable strain Fnn 23726. To enhance genetics in this strain we cloned, 339 
expressed, and characterized two Type II DMTase enzymes which we renamed M.Fnn23.I and M.Fnn23.II. 340 
Using both in vitro and in vivo analysis, we verify that methylation of plasmid DNA blocks cleavage by the 341 
enzymes NlaIII and SfNaI, which cut at CATG and GATGC sites, respectively. We next show that each 342 
enzyme individually increases the efficiency of plasmid introduction but combining the two enzymes has a 343 
statistically significant affect.  344 
 We next set our focus on creating the first gene knockouts in Fnn 25586, which had not been 345 
accomplished in over forty years of studying the strain. To accomplish this, we produced five recombinantly 346 
expressed DMTases enzymes to treat plasmid DNA in vitro, followed by transformation by electroporation. 347 
Through this method we were able to create the first clean gene deletions and complementations in this 348 
strain, with deletions in galKT, fap2, fadA, and complementation of fadA back onto the chromosome. This 349 
markerless gene deletion system can produce an unlimited number of deletions in a single strain. 350 
Importantly, genetics in this strain are now as robust as that in Fnn 23726, which was previously the main 351 
strain used by most researchers due to its relative ease of use when compared to other non-transformable 352 
strains.  We note that all five enzymes are necessary to protect plasmid DNA for safe passage into Fnn 353 
25586; however, all DMTases that we produced and used in these studies retain their enzymatic activity 354 
after freeze-thaw cycles, making it a robust solution for researchers to implement. 355 

We acknowledge that there are still major limitations to genetically modifying most strains of 356 
Fusobacterium because of their extreme differences in RM composition. Therefore, we understand that 357 
using a core combination of DMTase enzymes for universal protection across multiple Fusobacterium 358 
species may not be possible, as each strain frequently has unique DMTases that create a broad range of 359 
methylation patterns between strains. This has been reported before as Type II and Type III RM systems 360 
vary significantly even in evolutionarily similar strains of bacteria. We believe that future studies that combine 361 
DNA methylation analysis of DMTase deletion strains to identify exact methylation sequences with specific 362 
enzymes will lead to experimental determination of methylation sites by specific enzymes. To support this 363 
claim, previous studies have shown that using PacBio SMRTseq sequencing technology to determine the 364 
methylome of a bacterium results in the identification specific methylation sites, which can then be used to 365 
guide the creation of ‘Syngenic’ DNA plasmids that removes methylation and cleavage sites and therefore 366 
masquerades the DNA as self and is not cleaved by host15. An additional study used SMRTseq technology 367 
identified all DNA recognition sites and methylation patterns in multiple species of bacteria, followed by 368 
placing these sequences in a ‘methylation cassette’ within a plasmid that was then incubated with purified 369 
enzymes to identify specific methylation patterns74. Using this technique for highly recalcitrant strains of 370 
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Fusobacterium would allow for the first true matching of methylation sites with Fn DMTases outside of 371 
bioinformatic predictions. Finally, one advantage we believe using recombinant DMTases has over this 372 
approach is that DNA methylation analysis and synthetic DNA based plasmids do not need to be made for 373 
each strain, which can keep down costs. However, one could argue that the effort of cloning and purifying 374 
the DMTases is on par with other methods of bypassing RM systems. Ultimately, we believe these methods 375 
are complementary and can be used in combination to enhance the chances of genetic modification in highly 376 
recalcitrant strains of Fn.  377 

Potential future studies include an investigation into the role of using the Type I DMTase systems to 378 
methylate plasmids. In this area we briefly tried to recombinantly express HsdM and HsdS from Fnn 23726, 379 
but had difficulty achieving a pure, soluble protein complex. In addition, we report that we tried to use the 380 
Type I restriction modification inhibitor (Lucigen) in our transformations of Fnn 23726, but this did not change 381 
the transformation efficiency (data not shown). On a final note of the potential contribution of Type I RM 382 
systems, Fnn 25586 has no Type I systems and was still genetically impenetrable until using Type II and 383 
Type III enzymes. However, many transformable strains of bacteria have been made hsdRMS negative, 384 
which should be considered in the future as a method to potentially make more efficiently transformable 385 
strains of Fusobacterium.  386 

Potential future strategies to increase genetic efficiency would be to delete the known REases in 387 
target strains. One disadvantage of this is the need to first transform and create a genetic system to be able 388 
to subsequently knock these genes out. But once accomplished an REase free strain would potentially 389 
bypass the need to treat entering plasmid DNA with DMTases. However, many of the Type II DMTases do 390 
not have a paired REases as shown in Figure 1C, therefore it is difficult to understand what could be 391 
cleaving the unmethylated DNA sequences that corresponds to specific enzymes. In addition, expanding 392 
beyond the realm of only studying F. nucleatum to other species including F. necrophorum could be key to 393 
understanding the pathogenicity of this species in Lemierre’s syndrome in humans75, as well as serious 394 
organ infections in livestock76.  395 

In conclusion, we report that Fn DMTases can be used to methylate plasmid DNA, which then allows 396 
for efficient transformation and gene deletion in a well-studied strain, as well as a previously unmodifiable 397 
strain. The broader implications of this work are the enhanced ability to study the role of specific genes and 398 
corresponding virulence factors expressed by Fn during infection and disease. The methods in this study 399 
can be directly applied to target strains of interest within the scientific community, and therefore provides a 400 
roadmap for discovery biology that could lead to better understanding of how to inhibit the disease driving 401 
mechanisms of this oral, opportunistic pathogen.  402 
 403 
 404 
MATERIALS AND METHODS 405 
 406 
Bacterial strains and plasmids  407 
All E. coli strains utilized in these studies were grown aerobically overnight at 37°C on solid Luria Bertani 408 
agar plates (10 g/L NaCl, 5 g/L tryptone, 10 g/L yeast extract) or in liquid Luria Bertani media. Fusobacterium 409 
strains were grown on solid agar plates made with Columbia Broth (Gibco), supplemented with hemin (5 410 
μg/mL), menadione (0.5 μg/mL) and resazurin(1 μL/mL) under anaerobic conditions (90% N2, 5% H2, 5% 411 
CO2) at 37°C (Designated CBHK media). Liquid growths were inoculated from single F. nucleatum colonies 412 
and grown in CBHK liquid media under anaerobic conditions. Where necessary, antibiotics were 413 
supplemented at the suggested concentrations: gentamicin, 20 μg/mL; carbenicillin, 100 μg/mL; 414 
chloramphenicol, 10 or 25 μg/mL; thiamphenicol, 5 μg/mL (CBHK plates); and streptomycin 50 μg/ml (CBHK 415 
plates). The plasmids and bacterial strains utilized in these experiments are listed in Table S2 and Table 416 
S3, respectively.  417 
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 418 
Identification and classification of Fn DNA Methyltransferases  419 
REBASE, a curated database of restriction enzymes, was used to identify the DNA methyltransferases 420 
present in the F. nucleatum subsp. nucleatum ATCC 23726 (GCA_003019875.1), F. nucleatum subsp. 421 
nucleatum ATCC 25586 (GCA_003019295.1), F. nucleatum subsp. animalis 7_1 (GCA_000158275.2), F. 422 
nucleatum subsp. animalis 4_8 (GCA_000400875.1), and F. nucleatum subsp. polymorphum 10953 423 
(GCA_000153625.1) from the NCBI database. Type II and Type III DMTases were further bioinformatically 424 
characterized using NIH SMARTBLAST and pHMMER. SMARTBLAST and pHMMER provided conserved 425 
domains indicating function of DMTases. Phylogenetic analysis of Fn DMTase genes identified in REBASE 426 
were downloaded from NCBI and the NCBI identification numbers are supplied in Table S1. The tree and 427 
analysis were done in Geneious Prime 2022.1.1 using the Geneious Tree Builder function.  428 
 429 
Cloning, expression, and purification of DMTases 430 
The DMTases M.Fnn23.I, M.Fnn23.II, M.Fnn25.I, M.Fnn25.IV, and M.Fnn25.V were cloned into pET16b 431 
under the control of an IPTG induced promoter for purification of the recombinant proteins using the C-432 
terminal 6xHis tag and bench top metal affinity chromatography. In addition, M.Fnn23.I, M.Fnn23.II were 433 
cloned under the control of a constitutive promoter for continual expression in TOP10 E. coli to drive in vivo 434 
methylation of plasmids. All plasmids utilized and created in these studies are described in Table S2 along 435 
with the bacterial strains in Table S3 and primers in Table S4. The primers to clone the DNA 436 
methyltransferases were all ordered from Integrated DNA Technologies (IDT). For M.Fnn23.I and 437 
M.Fnn23.II, all constructs were made with E. coli codon optimized synthetic DNA was used for PCR. For 438 
DMTases from Fnn ATCC 25586, PCR was run with genomic DNA that was prepared with Wizard Genomic 439 
DNA Purification Kits (Promega). 440 

Genes were amplified by PCR, and products were purified utilizing a PCR purification kit (Biobasic) 441 
and digested for 2 hours at 37 °C along with pET16b which was used as the expression vector and was 442 
obtained through EZ-10 Spin Column Plasmid Miniprep (Biobasic) with the restriction enzymes listed in 443 
Table 4 with their respective primers. The vector was then dephosphorylated with Antarctic phosphatase 444 
(FastAP, Thermo Fisher Scientific) for 1 hour at 37 °C. Digested products were purified utilizing a spin 445 
column and ligated by T4 DNA ligase (New England Biolabs) for 1 hour at room temperature following 446 
manufacturer's recommendations. Ligations were transformed into competent Mix&Go! (Zymo Research) 447 
Top10 E. coli and plated on LB solid agar plates supplemented with 100 μg/mL carbenicillin (ampicillin). 448 
Confirmation of positive clones was performed by digestion and if applicable positive clones were then 449 
transformed into ARTIC(DE3) RIL or LOBSTR-BL21(DE3) RIL77 for recombinant protein expression.  450 

For protein expression E. coli cells were grown in LB (15g/L NaCl, 15 g/L tryptone, 10g/L yeast 451 
extract) medium at 37°C, 250 rpm shaking until OD=0.6. At OD=0.6. cells were induced with 50 μM Isopropyl 452 
β- d-1-thiogalactopyranoside (IPTG) (GoldBio). Expression was carried out at 8 °C and cells were collected 453 
at 20 hours after inoculation by centrifugation at 5000×g for 20 min at 4  °C. Bacterial pellets were 454 
resuspended in a lysis buffer (20 mM Tris, pH 7.5, 400 mM NaCl, 20 mM imidazole). Bacteria were lysed by 455 
an EmulsiFlex-C3 homogenizer (Avestin) at 10,000 kPa. Unlysed cells and insoluble material was separated 456 
by centrifugation at 15,000×g for 20 minutes at 4°C and then discarded. The supernatant containing the 457 
6xHis-tagged DMTases was stirred with 6 mL of NiCl₂-charged chelating Sepharose beads (GE Healthcare) 458 
for 30 minutes at 4°C. The column was washed with 400 mL of wash buffer (20 mM Tris, pH 7.5, 400 mM 459 
NaCl, 40 mM imidazole). After washing, the methyltransferases were eluted in 10 mL of elution buffer (20 460 
mM Tris, pH 7.5, 400 mM NaCl, 250 mM imidazole). The purified protein was then directly put into dialysis 461 
in a buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol). Protein concentrations were calculated using 462 
a Qubit fluorometer and BCA assays, followed by freezing at -80 ˚C for long-term storage.  463 
 464 
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In vitro treatment of plasmid DNA with Fusobacterium DNA Methyltransferases  465 
Plasmid DNA (35-40 μg), prepared from E.coli TOP10 using the EZ-10 Spin column plasmid DNA mini-prep 466 
from Biobasic, was combined in a 30 μL reaction with 160 μM SAM (New England Biolabs), 1X Cutsmart 467 
buffer (New England Biolabs) and 1 μM of one or more DMTases. The reaction mixes were incubated at 37 468 
°C for 2 hours and then plasmid was extracted by adding 1 volume of Phenol:Chloroform:Isoamyl Alcohol, 469 
25:24:1 Mixture (bioWORLD) and vortexed for 20 seconds. Mixtures were then centrifuged at 16,000×g for 470 
5 minutes. Plasmid DNA was precipitated and washed with ethanol and dissolved in ultrapure water 471 
(bioWORLD), followed by further purification Plasmid DNA was purified from overnight expression or co-472 
expression was isolated with an alkaline lysis/column purification technique using the EZ-10 Spin Column 473 
Plasmid Miniprep (Biobasic). Plasmid DNA was further purified for use in electroporation by precipitation 474 
overnight at -80°C in 75% ethanol with sodium acetate (pH 5.5) and 0.1 μg/ml glycogen. After 3 hours 475 
minimum of incubation at -80°C sample was spun at 4°C for 30 minutes at 16,000×g to pellet the DNA and 476 
washed five times with 70% ethanol carefully by spinning at 14,000×g for 3 mins. Pellet was then dried at 477 
room temperature for 10–13 minutes. Finally, 15 μL of ultrapure water was added and incubated at 37°C for 478 
1 hour to solubilize the pellet. DNA concentrations were determined using a NanoDrop spectrophotometer. 479 
 480 
Co-expression of plasmid DNA with Fn DMTases for in vivo methylation 481 
Using the expression vector (constitutive activity) pET16b with the DNA methyltransferase under an 482 
Anderson medium promoter as described in Table S2, we methylated pDJSVT13 in-vivo. Both pET16b 483 
(Gene 622 and Gene 635) and pDJSVT13 were transformed into E.coli top10 and grown in LB (15 g/L NaCl, 484 
15 g/L tryptone, 10g/L yeast extract) medium at 37°C, 250 rpm shaking for 24 hours. 485 
 486 
REase protection assays 487 
Plasmid DNA (1 μg) prepared from E.coli TOP10 strain using the Biobasic mini-preparation procedure, was 488 
combined with Cutsmart buffer (New England Biolabs, 50 mM Potassium Acetate, 20 mM Tris-acetate, 10 489 
mM Magnesium Acetate, 100 μg/mL BSA (pH 7.9)), 160 μM SAM (New England Biolabs), and 1 μM of the 490 
correspondent DMTases. As a control plasmid DNA (1 μg) was mock treated in reaction buffer without the 491 
methyltransferases. All samples were incubated 1 hour at 37 °C with the restriction enzymes, single cutters 492 
KpnI and MluI or predicted restriction sites NlaIII and SfaNI (New England Biolabs). For single-cut 493 
linearization, plasmid DNA was digested with restriction enzyme KpnI following manufacturer's instructions 494 
(NEB). After two hours at 37°C the ultrapure DNA underwent phenol chloroform extraction and ethanol 495 
precipitation at -80°C as described previously for ultrapure DNA purification. Samples were analyzed in a 496 
1% agarose gel with ethidium bromide and imaged on a Syngene G:Box imager as shown in Figure 2C-D.  497 
 498 
Fn transformation by electroporation 499 
All Fn strains were competently prepared by inoculating and growing a 100-mL anaerobic culture in CBHK 500 
media to lag phase (A600 = 0.1) followed by centrifugation of bacteria at 3200×g for 10 minutes. The 501 
supernatant was removed, and the resulting pellet was washed three successive times utilizing 1 mL of ice-502 
cold 20% glycerol in deionized H2O and 1mM MOPS at 14,000×g for 3 minutes. Bacterial pellet was then 503 
resuspended in a final volume of 80 μL of ice-cold 20% glycerol and 1mM MOPS. Bacteria were transferred 504 
to cold 1 mm (Lonza) electroporation cuvettes, and 3 μg (concentration >300 ng/μL) of plasmid was added 505 
before electroporating at 2.5 kV/cm, 50 μF, 360Ω, using a BTX Electro Cell Manipulator 600 (Harvard 506 
Apparatus). The electroporated cells were promptly transferred by syringe into a sterile, anaerobic tube with 507 
4 mL of recovery medium (CBHK, 1 mM MgCl2) and incubated at 37 °C for 20 h with no shaking in an 508 
anaerobic chamber. After the recovery outgrowth, cells were centrifuged at 14,000×g for 3 minutes, 509 
supernatant was removed, and pellet cells were resuspended in 0.2 mL of recovery medium. Resuspension 510 
was plated on CBHK plates with 5 μg/mL thiamphenicol and incubated in an anaerobic 37 °C incubator for 511 
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two days for colony growth. The transformation efficiency represents the number of thiamphenicol or 512 
streptomycin resistant colonies per microgram of DNA. Electroporation was conducted in triplicate as 513 
independent experiments.  514 
 515 
Utilizing plasmid methylation to enable a galactose-selectable gene deletion system in Fnn 25586  516 
A galactose selectable gene deletion system for Fnn 23726 was previously developed in our lab and 517 
reported in detail in Casasanta et al64. As Fnn 23726 and Fnn 25586 are extremely similar at the DNA level, 518 
the plasmid pDJSVT13 that was previously used to delete the galKT operon in Fnn 23726 was also used 519 
on Fnn 25586 because of 100% nucleotide identity in the up and downstream regions cloned for homologous 520 
recombination and gene deletion. pDJSVT13 was conditioned with methylated with five DMTase enzymes 521 
(M.Fnn23.I, M.Fnn23.II, M.Fnn25.I, M.Fnn25.IV, M.Fnn25.V) using the same conditions as describe above 522 
for the in vitro methylation protocol.  Ultrapure DNA (3 µg) was electroporated (2.5 kV, 50-µF capacitance, 523 
360-Ω resistance, 0.2-cm cuvette) into competent Fnn 25586, and single chromosomal crossovers of the 524 
pDJSVT13 plasmid were selected for on thiamphenicol. Colonies were then inoculated into antibiotic free 525 
CBHK media overnight at 37 ˚C to allow for a second crossover event, which effectively deletes the target 526 
gene and also the remaining plasmid that was integrated into the chromosome. Next, 100 µL from this 527 
culture was streaked on solid medium containing 0.25% 2-deoxy-D-galactose to select for galKT gene 528 
deletions, as the absence of the galT gene makes 2-deoxy-D-galactose nontoxic to Fnn. galKT gene 529 
deletions were verified by PCR and sanger sequencing. This new strain, Fnn 25586 ∆galKT, which we now 530 
name TNVT2501, is now the base strain used to create all future targeted gene deletions. Bacterial 531 
transformation of TNVT2501 allows for initial chromosomal integration and selection with thiamphenicol, 532 
followed by selection for double crossover gene deletions on solid medium containing 3% galactose. We 533 
have shown that deletion of the galKT operon in Fnn 25586 does not result in altered fitness.  534 
 535 
Creating Fnn 25586 ∆fap2 and Fnn 25586 ∆fadA 536 
As a proof of concept, we next generated targeted gene deletions in the Fnn 25586 ∆galKT background and 537 
in the two most well-studied Fn virulence factors: fap2 and fadA. The first step is to use the plasmid 538 
pDJSVT7, which contains a FLAG::galK gene under the control of a Fusobacterium necrophorum promoter. 539 
Briefly, 750 bp directly upstream and downstream of the fap2 and fadA genes were amplified by PCR and 540 
fused by OLE-PCR. PCR product was digested with KpnI/MluI ligated into pDJSVT7 digested with the same 541 
enzymes, followed by transformation into TOP10 E. coli and selection on LB plates containing 542 
chloramphenicol. Positive clones were identified by restriction digest and sanger sequencing to verify the 543 
new gene deletion plasmids pTNVT2501 (fap2) and pTNVT2502 (fadA) (Fig 6A). pTNVT2501 and 544 
pTNVT2502 were next electroporated (3 µg of DNA, 2.5 kV, 50-µF capacitance, 360-Ω resistance, 0.2-cm 545 
cuvette) into competent Fnn 25586 ΔgalKT and chromosomal integration was selected for on thiamphenicol 546 
(single chromosomal crossover), followed by selection on solid medium containing 3% galactose, which 547 
produces either complete gene deletions or wild-type bacteria revertants. Gene deletions were verified by 548 
PCR and Sanger sequencing as shown in Figure 6. The new strain names are TNVT02 and TNVT03 for 549 
the ∆fap2 and ∆fadA in Fnn 25586. We showed that this system was accurate down to the single base level 550 
for creating clean genome excisions that therefore allow for the deletion of an unlimited number of genes.  551 
 552 
Complementation of a fadA gene deletion in Fnn 25586 553 
We previously created the gene complementation vector pDJSVT11 to create single-copy chromosomal 554 
complementation at a chromosomal location within the arsB gene64. Our previously developed plasmid 555 
pDJSVT32 was used to complement Fnn 23726 ∆galKT fadA and was also used to complement Fnn 25586 556 
∆galKT fadA (TNVT03). Briefly this plasmid contains a 1000 bp central region of the arsB gene, driving 557 
homologous recombination, which results in chromosomal insertion of the thiamphenicol resistance plasmid. 558 
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Complementation was selected for on CBHK plates containing thiamphenicol, followed by inoculation into 559 
liquid CHBK containing thiamphenicol. Complementation was further verified by PCR of the fadA gene as 560 
shown in Figure 6H. 561 
 562 
Statistical analysis 563 
All statistical analysis was performed in GraphPad Prism Version 8.2.1.  For single analysis, an unpaired 564 
Student’s t test was used.  For grouped analyses, Two-way ANOVA was used.  In each case, the following 565 
P values correspond to star symbols in figures: nsP >0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 566 
To obtain statistics, all studies were performed as three independent biological experiments. For all 567 
experiments in which statistical analysis was applied, an N of 3 independent experiments was used (details 568 
in figure legends). 569 
 570 
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 604 
 605 

Figure S1. R-M systems and DNA methylation. (A) R-M systems are classified as Type I, Type II, and Type III according to 606 
their molecular structure, subunit composition, cleavage position, restriction site, and cofactor specification. (B) Nearly all 607 
methylation in Fusobacterium is predicted to be on adenine or adenosine residues within DNA and is added to nitrogen at the 6th 608 
position to create N6-Methyladenine (N6-mA or 6mA). 609 
 610 
 611 
Table S1. Fusobacterium nucleatum (Fn) DNA methyltransferases (DMTases) analyzed in this study 612 

Name Fn Strain NCBI ID DMTases Type Predicted 
Recognition and 
Methylation site 

M.Fnn23.I F. nucleatum subsp. nucleatum 
ATCC 23726 

AVQ22737.1 II CATG 

M.Fnn23.II F. nucleatum subsp. nucleatum 
ATCC 23726 

AVQ22751.1  II GCATC 

M.Fnn25.I F. nucleatum subsp. nucleatum 
ATCC 25586 

AVQ15832.1 II CCNNNNNNNGG 

M.Fnn25.II F. nucleatum subsp. nucleatum 
ATCC 25586 

AVQ14558.1 II CATG 
 

M.Fnn25.III F. nucleatum subsp. nucleatum 
ATCC 25586 

AVQ14569.1  II GCATC 

M.Fnn25.IV F. nucleatum subsp. nucleatum 
ATCC 25586 

AVQ14879.1 III GCATT 

M.Fnn25.V F. nucleatum subsp. nucleatum AVQ15904.1 III GCATT 
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ATCC 25586 
M.Fna48.I F. nucleatum subsp. animalis 4_8 AGM22521.1  II GANTC 
M.Fna48.II F. nucleatum subsp. animalis 4_8 AGM23250.1 II CTNNAG 
M.Fna48.III F. nucleatum subsp. animalis 4_8 AGM23714.1  III GGCAS   S=C/G 
M.Fna71.I F. nucleatum subsp. animalis 7_1 EEO43724.1 II GANTC 
M.Fna71.II F. nucleatum subsp. animalis 7_1 EEO42819.1 II GATC 
M.Fna71.III F. nucleatum subsp. animalis 7_1 EEO42817.1  II GATC 
M.Fna71.IV F. nucleatum subsp. animalis 7_1 EEO42604.1 II CATG 
M.Fna71.V F. nucleatum subsp. animalis 7_1 EEO42568.1 II GANTC 
M.Fna71.VI F. nucleatum subsp. animalis 7_1 EEO42208.1 II GANTC 
M.Fna71.VII F. nucleatum subsp. animalis 7_1 EEO43273.1 II GCATC 
M.Fna71.VIII F. nucleatum subsp. animalis 7_1 EEO43020.1  II GCATC 
M.Fna71.IX F. nucleatum subsp. animalis 7_1 EEO43011.1 II No Prediction 
M.Fnp10.I F. nucleatum subsp. polymorphum 

10953 
EDK87839.1 II GATC 

M.Fnp10.II F. nucleatum subsp. polymorphum 
10953 

EDK87614.1 II GCATC 

M.Fnp10.III F. nucleatum subsp. polymorphum 
10953 

EDK88996.1 II CCWGG (C5). W=A/T 

M.Fnp10.IV F. nucleatum subsp. polymorphum 
10953 

EDK89489.1 II ATGCAT 

 613 
Table S2. Plasmids used in this study 614 

Plasmid Name Description Source or Reference 
pDJSVT7 Vector containing a FLAG:galK gene to make double crossover gene 

deletions in a ∆galKT background. (Cmr Tmr)  
 

Casasanta et al.64 

pDJSVT11 Chromosomal complementation vector for F. nucleatum 23726 and 25586. 
Incorporates a plasmid within the chromosomal arsB gene using homologous 
recombination. (Cmr Tmr) 

Casasanta et al.64 

pDJSVT13 Vector containing homologous regions +/- 1000 bp upstream and downstream 
of galKT for single crossover Integration in F. nucleatum 23726 and 25586 
(Cmr, Tmr)  
 

Casasanta et al.64 

pDJSVT21 pDJSVT13 with all of the CATG sites silently mutated. (Cmr, Tmr) This study 
pDJSVT24 pET16b vector containing m.fnn23.I gene under a constitutive promoter. 

(Ampr) 
This study 

pDJSVT25 pET16b vector containing m.fnn23.II gene under a constitutive promoter. 
(Ampr) 

This study 

pDJSVT26 pET16b vector containing the m.fnn23.I and m.fnn23.II genes under 
independent constitutive promoters. (Ampr) 

This study 

pDJSVT27 pET16b vector containing m.fnn23.I gene with a 6xHis tag. Under an IPTG 
inducible promoter for recombinant protein expression and purification. (Ampr) 

This study 

pDJSVT28 pET16b vector containing m.fnn23.II gene with a 6xHis tag. Under an IPTG 
inducible promoter for recombinant protein expression and purification. (Ampr) 

This study 

pDJSVT29 pET16b vector containing m.fnn25.I gene with a 6xHis tag. Under an IPTG 
inducible promoter for recombinant protein expression and purification. (Ampr) 

This study 

pDJSVT30 pET16b vector containing m.fnn25.IV gene with a 6xHis tag. Under an IPTG 
inducible promoter for recombinant protein expression and purification. (Ampr) 

This study 

pDJSVT31 pET16b vector containing m.fnn25.V gene with a 6xHis tag. Under an IPTG 
inducible promoter for recombinant protein expression and purification. (Ampr) 

This study 

pTNVT2501 fap2 gene deletion vector for F. nucleatum 25586 (Cmr Tmr) This study 
pTNVT2502 fadA gene deletion vector for F. nucleatum 25586 (Cmr Tmr) This study 
pDJSVT32 Chromosomal complementation vector for fadA-FLAG F. nucleatum 25586 

∆galKT fadA. Incorporates a plasmid within the chromosomal arsB gene 
expressing fadA-FLAG to complement strain TNVT2503 to make strain 
TNVT2508 

This study 

pET16b IPTG inducible express vector. pDB322 origin of replication. (Ampr) EMD Millipore 
pHS30 Fusobacterium multicopy, episomal pFN-1 based shuttle plasmid Kinder Haake et al.49 
pBAMD1-4 Standardized mini-Tn5 delivery plasmid for transposon mutagenesis. 

Streptomycin/spectinomycin resistant 
Martinez-Garcia et al.66 

Cmr , Chloramphenicol resistance Tmr , Thiamphenicol resistance. Ampr, Ampicillin resistance 615 
 616 
Table S3. Bacterial strains used in this study 617 
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Strain Bacterial Species Genotype and Characteristics Source or Reference 
TOP10 E. coli mcrA , Δ( mrr-hsdRMS-mcrBC ), Phi80(del)M15, 

Δ lacX74 , deoR , recA1 , araD139 , Δ(ara-leu)7697, galU , 
galK , rpsL (SmR), endA1 , nupG 

Invitrogen 

ArcticExpress 
(DE3) RIL 

E. coli B F– ompT endA Hte [cpn10 cpn60 Gentr] hsdS(r8–m8) 
dcm+ Tetr galλ (DE3) [argU ileY leuW Strr] 

Agilent 

LOBSTR-
BL21(DE3)-
RIL 

E. coli F- ompT hsdSB (rB- mB-) dcm gal (DE3) Anderson et al.77 

ER2796 E. coli F-  fhuA2::IS2, glnX44(AS), λ-, e14-, trp-31, dcm-
6, yedZ3069::Tn10, hisG1, argG6, rpsL104, Δdam-
16::KanR, xyl-7, mtlA2, metB1, Δ(mcrC-mrr)114:IS10 
Methylation negative 

Anton et al.65 

F. nucleatum 
subsp. 
nucleatum 
ATCC 23726 

F. nucleatum Wild Type ATCC 

F. nucleatum 
subsp. 
nucleatum 
ATCC 25586 

F. nucleatum Wild Type ATCC 

F. nucleatum 
subsp. 
animalis 4_8 

F. nucleatum Wild Type Manson McGuire et al.78 

F. nucleatum 
subsp. 
animalis 7_1 

F. nucleatum Wild Type Manson McGuire et al.78 

F. nucleatum 
subsp. 
polymorphum 
10953 

F. nucleatum Wild Type Manson McGuire et al.78 

TNVT2501 F. nucleatum F. nucleatum 25586 ΔgalKT In-frame deletion of galK and 
galT genes (Base strain for all target in-frame gene deletions 
in F. nucleatum 25586) 

This study 

TNVT2502 F. nucleatum F. nucleatum 25586 ΔgalKT fap2 
In-frame deletion of fap2 in the TNVT2501 background 

This study 

TNVT2503 F. nucleatum F. nucleatum 25586 ΔgalKT fadA 
In-frame deletion of fadA in the TNVT2501 background 

This study 

TNVT2508 F. nucleatum  F. nucleatum 25586 ΔgalKT ΔfadA arsB::FLAG-fadA 
Complementation strain of ΔfadA. (Cmr, Tmr) 

This study 

Cmr , Chloramphenicol resistance Tmr , Thiamphenicol resistance. 618 
 619 
Table S4. DNA oligonucleotides (primers) used in this study 620 

Primer Name  Sequence (5’ to 3’)  Description  

prDJSVT1220 
GTGGAGGAGCAGGCTATATTGGTAGCGATGTTGT
TAAATATTTGTTAG 

Forward Quikchange primer to remove CATG site 1 
from pDJSVT13 to make pDJSVT21 

prDJSVT1221 
CTAACAAATATTTAACAACATCGCTACCAATATAG
CCTGCTCCTCCAC 

Reverse Quikchange primer to remove CATG site 1 
from pDJSVT13 to make pDJSVT21 

prDJSVT1222 
CTTGCATAAGAGACTATATTGATGTAATGGACTTA
GCAGATGCTCATTATC 

Forward Quikchange primer to remove CATG site 2 
from pDJSVT13 to make pDJSVT21 

prDJSVT1223 
GATAATGAGCATCTGCTAAGTCCATTACATCAATA
TAGTCTCTTATGCAAG 

Reverse Quikchange primer to remove CATG site 2 
from pDJSVT13 to make pDJSVT21 

prDJSVT1224 
GTGTACCTTGTACATACAGTATGACCGTTAAAGT
GGATATCAC 

Forward Quikchange primer to remove CATG site 3 
from pDJSVT13 to make pDJSVT21 

prDJSVT1225 
GTGATATCCACTTTAACGGTCATACTGTATGTACA
AGGTACAC 

Reverse Quikchange primer to remove CATG site 3 
from pDJSVT13 to make pDJSVT21 

prDJSVT1226 
GAAGATCCTTTTTGATAATCTGATGACCAAAATCC
CTTAACGTGAG 

Forward Quikchange primer to remove CATG site 4 
from pDJSVT13 to make pDJSVT21 

prDJSVT1227 
CTCACGTTAAGGGATTTTGGTCATCAGATTATCAA
AAAGGATCTTC 

Reverse Quikchange primer to remove CATG site 4 
from pDJSVT13 to make pDJSVT21 

prDJSVT1068 CTGAGATCTAGATTTACAGCTAGCTCAGTCC 

Forward primer to clone Fnn 23726 m.fnn23.I gene 
from synthetic codon optimized DNA into pET16b 
under a constitutive promoter.  Has XbaI. To make 
pDJSVT24 and pDJSVT26 
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prDJSVT1069 
GACTCTCCATGGAAATAATAAAAAAGCCGGATTA
ATAATCTG 

Reverse primer to clone Fnn 23726 m.fnn23.I gene 
from synthetic codon optimized DNA into pET16b 
under a constitutive promoter. Has NcoI. To make 
pDJSVT24 and pDJSVT26 

prDJSVT1070 CTGAGACCATGGTTTACAGCTAGCTCAGTCC 

Forward primer to clone Fnn 23726 m.fnn23.II gene 
from synthetic codon optimized DNA into pET16b 
under a constitutive promoter.  Has NcoI. To make 
pDJSVT25 and pDJSVT26 

prDJSVT1071 
GACTCTCATATGAAATAATAAAAAAGCCGGATTAA
TAATCTG 

Reverse primer to clone Fnn 23726 m.fnn23.II gene 
from synthetic codon optimized DNA into pET16b 
under a constitutive promoter.  Has NdeI. To make 
pDJSVT25 and pDJSVT26 

prDJSVT1076 

GCACTACCCATGGGAAACTATATCGGCAGCAAAT
TAAGtTTAAAAAG  

Forward primer to clone Fnn 23726 m.fnn23.I gene 
from synthetic codon optimized DNA into pET16b 
under IPTG promoter.  Has NcoI. To make pDJSVT27 

prDJSVT1077 

GCTAGTCTCGAGTTAgtgatggtgatggtgatgTTTCTTAA
TCAGGCAATGCAGATATTC  

Reverse primer to clone Fnn 23726 m.fnn23.I gene 
from synthetic codon optimized DNA into pET16b 
under IPTG promoter.  Has 6xHis and XhoI. To make 
pDJSVT27 

prDJSVT1078 

GCACTACCCATGGGAGAAAATCTGAAATTGTTCC
TCGATG  

Forward primer to clone Fnn 23726 m.fnn23.II gene 
from synthetic codon optimized DNA into pET16b 
under IPTG promoter.  Has NcoI. To make pDJSVT28 

prDJSVT1079 

GCTAGTCTCGAGTTAgtgatggtgatggtgatgCATTTCTT
CGGTGTTGTAGTTGGTC  

Reverse primer to clone Fnn 23726 m.fnn23.II gene 
from synthetic codon optimized DNA into pET16b 
under IPTG promoter.  Has 6xHis and XhoI. To make 
pDJSVT28 

prAUT104 GATCCCCATGGGAAGTTATAAAGAAAAGATACTA
AGTTTATTAAATGAAAATTTG  
 

Forward primer to clone m.fnn25.I from genomic DNA 
into pET16b. Has NcoI site. To make pDJSVT29. 
 

prAUT104 GACTCCCTCGAGTTAATGATGATGATGATGATG 
ATTTTTAATAAAGTCGTTTATTCTTGAATATGC  
 

Reverse primer to clone m.fnn25.I from genomic DNA 
into pET16b. Has 6XHis and XhoI site. To make 
pDJSVT29 

prAUT91 GATCCCCATGGGAATATATATTGATCCTCCATATA
ATACAGGAAAAG  
 

Forward primer to clone m.fnn25.IV from genomic 
DNA into pET16b. Has NcoI site. To make pDJSVT30. 
 

prAUT92 GACTCCCTCGAGTTAATGATGATGATGATGATGT
ATACTTCTAATTTCACTTATTCCAACTTG  
 

Reverse primer to clone m.fnn25.VI from genomic 
DNA into pET16b. Has 6XHis and XhoI site. To make 
pDJSVT30 

prAUT93 GACTCCCCATGGGAGAAAAACTAAATGGAACAAG
CATGG  
 

Forward primer to clone m.fnn25.V from genomic DNA 
into pET16b. Has NcoI site. To make pDJSVT31. 
 

prAUT94 GGATCCCTCGAGTTAATGATGATGATGATGATGT
ATACTCCTAATTTCATTTATTCCAACTTG  
 

Reverse primer to clone m.fnn25.V from genomic 
DNA into pET16b. Has 6XHis and XhoI site. To make 
pDJSVT31 

prTN17 GATCGCGGTACCGTAGTTATAGCTATATTTATTCC
ATTTGTAGGAGC 

Forward primer -750 bp upstream of  fap2 in Fnn 
25586. Has a KpnI site. Makes construct pTNVT2501 

prTN18 CTATATACACTAGGGTTAGTGCTAATTTAATTATA
AAGTGGTGCACTTGGTGCTG 

Reverse primer -1 bp upstream of  fap2 in Fnn 25586. 
Overlaps with prTN19 for OLE-PCR. Makes construct 
pTNVT2501 

prTN19 CTTTATAATTAAATTAGCACTAACCCTAGTGTATA
TAG 

Forward primer +1 bp downstream of  fap2 in Fnn 
25586. Overlaps with prTN18 for OLE-PCR. Makes 
construct pTNVT2501 

prTN20 GATCGCACGCGTCTAAAAAATTTGTATTTTCTA 
GTAGACCTAAAAATTC 

Reverse primer +750 bp downstream of  fap2 in Fnn 
25586. Has an MluI site. Makes construct pTNVT2501 

prTN21 GAAAATTCAATTTTGGAATTACTGGAACTTTATTT
ATTG 

Forward gene deletion confirmation primer -1000 bp 
upstream of  fap2 in Fnn 25586  

prTN22 CTTCTTCAAAATAATGAACATACATTTGCATTTG Reverse gene deletion confirmation primer +1000 bp 
downstream of  fap2 in Fnn 25586  

prTN23 GATAAAGATGCTGGAAAAAATACTATTCCAG Forward sequencing primer -250 bp upstream of fap2 
Fnn 25586 

prTN24 CTTTATTTCTTGCTTGTTCTAAAATACTTTTAATTT
C 

Reverse sequencing primer +250 bp upstream of fap2 
Fnn 25586  

prTN49 GATCGCGGTACCCTATTAAAAAAAGCAAAA 
GAAGCTCAATATACAAATTATG 

Forward primer -750 bp upstream of  fadA in Fnn 
25586. Has a KpnI site. Makes construct pTNVT2502 
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prTN50 GGTTTTATTTCATGCTAGCATTTTTTCAAAAT 
TTATTTTGTTACCTCCCAAATTAAATTATAAT 
AAATTATTTCTTATATTGAC 

Reverse primer -1 bp upstream of  fadA in Fnn 25586. 
Overlaps with prTN51 for OLE-PCR. Makes construct 
pTNVT2502 

prTN51 TAAATTTTGAAAAAATGCTAGCATGAAATA 
AAACC 

Forward primer +1 bp downstream of  fadA in Fnn 
25586. Overlaps with prTN50 for OLE-PCR. Makes 
construct pTNVT2502 

prTN52 GATCGCACGCGTGCATAATCAAGTCCTGTATT 
GGCATTATTTAAG 

Reverse primer +750 bp downstream of  fadA in Fnn 
25586. Has an MluI site. Makes construct pTNVT2502 

prTN53 GTCAAAAATAAAAATATTATAAAAGTAGAG 
AGAAACTCTTG 

Forward gene deletion confirmation primer -900 bp 
upstream of  fadA in Fnn 25586 

prTN54 CTTTCAAAGACAACATTGATGAATTAAAAT 
TTGC 

Reverse gene deletion confirmation primer +900 bp 
downstream of  fadA in Fnn 25586 

prTN55 CTTGCAGATGTTAAAAGAAATATATTTGGGC Forward sequencing primer -250 bp upstream of fadA 
in Fnn 25586  

prTN56 GCTACAACTGTAATTACAACTGCATAAAAC Reverse sequencing primer +250 bp upstream of fadA 
in Fnn 25586  

prTN89 GTATTTGTACCATCACTTAAACTGGTATGTG Reverse Internal primer in fap2 used to confirm gene 
deletion in Fnn 25586. Used with prTNVT21 

prDJSVT847 GTAGGTGAATTACAAGCATTAGATGCTG Forward primer of central region in fadA to confirm 
complementation in Fnn 25586 

prDJSVT848 CCATTTCAGATTCTAATTTCTTTAAAGCATC Reverse primer of central region in fadA to confirm 
complementation in Fnn 25586 
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