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ABSTRACT OF THE DISSERTATION 

 

Identification and Characterization of  

Fusobacterial Adhesins Involved in Interspecies Interactions 

 

by 

 

Jane Park 

Doctor of Philosophy in Oral Biology 

University of California, Los Angeles, 2016 

Professor Renate Lux, Chair 

 

Fusobacterium nucleatum is a Gram-negative opportunistic pathogen that is indigenous 

to the human oral cavity. It is a prevalent member of the oral microbial community and 

considered a key organism in biofilm formation due to its ability to adhere to a large 

variety of microbial species. While present in healthy oral biofilms, F. nucleatum is also 

dominant in periodontal disease and has been implicated in a number of invasive 

human infections, acute and chronic inflammatory conditions as well as adverse 

pregnancy outcomes. F. nucleatum pathogenicity can be partially attributed to its 

function as a “bridging organism” that supports the integration of periodontal pathogens 

into oral biofilms. Despite the extensive exploration of F. nucleatum interspecies 

interactions and the identification of a number of binding partners, only one 

fusobacterial large outer membrane protein (OMP), RadD, has been extensively 
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characterized at a molecular level for its role as an adhesin in binding to a variety of 

Gram-positive species.  

 

The identification and characterization of fusobacterial adhesins involved in interspecies 

interactions addressed in the following aims:  

 

(1) We have identified an additional fusobacterial OMP, Fap2, a galactose-inhibitable 

adhesin that mediates attachment with at least two P. gingivalis strains. We also 

demonstrate that RadD is an additional strain-specific fusobacterial adhesin for 

interaction with P. gingivalis and provide evidence that additional adhesins exist that 

have yet to be identified.  

 

(2) An in-depth investigation of the four-gene operon encoding the RadD adhesin 

revealed that inactivation of the gene directly upstream of radD, named fad-I, resulted in 

increased binding of F. nucleatum to both Streptococcus gordonii and Porphyromonas 

gingivalis as a result of the overexpression of radD. The mutant lacking FAD-I also 

exhibited the enhanced ability to form robust biofilms with S. gordonii. We propose that 

the protein encoded by fad-I is an element acting as a repressor for radD expression.  

 

(3) We also took a global approach to examine contact-induced transcriptional changes 

that occur when F. nucleatum is in contact with partner species. We report partner-

specific responses, suggesting F. nucleatum can differentially regulate its genes based 

on contact with neighboring species. Furthermore, we report that there are a subset of 
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genes regulated based on the interacting partner and the adhesin mediating 

attachment. 

 

In conclusion, this thesis describes a comprehensive study of fusobacterial adhesins 

involved in interspecies interactions and further highlights the prominence of F. 

nucleatum in the oral microbiome warranting future studies that continue to investigate 

this organism on molecular and “omic” levels. 
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Abstract 

Bacterial adherence is an essential virulence factor in pathogenesis and infection. 

Fusobacterium nucleatum plays a central role in oral biofilm architecture by acting as a 

bridge between early Gram-positive and late Gram-negative colonizers that do not 

otherwise adhere to each other. In this study, we survey a key adherence interaction of 

F. nucleatum with Porphyromonas gingivalis, and present evidence that multiple 

fusobacterial adhesins play a role in the attachment of F. nucleatum ATCC 23726 to P. 

gingivalis in a highly strain-dependent manner. Interaction between these species 

displayed varying sensitivities to arginine, galactose and lactose. Arginine was found to 

hamper coaggregation by at least 62% and up to 89% with several P. gingivalis strains 

and galactose inhibition ranged from no inhibition up to 58% with the same P. gingivalis 

strains. Lactose consistently inhibited F. nucleatum interaction with these P. gingivalis 

strains ranging from 40-56% decrease in coaggregation. Among the adhesins involved 

are the previously described Fap2 and surprisingly, RadD, which was described in an 

earlier study for its function in attachment of F. nucleatum to Gram-positive species. We 

also provide evidence for the presence of at least one additional adhesin that is 

sensitive to arginine but unlike Fap2 and RadD, is not a member of the autotransporter 

family type of fusobacterial large outer membrane proteins. The strain-specific binding 

profile of multiple fusobacterial adhesins to P. gingivalis highlights the heterogeneity and 

complexity of interspecies interactions in the oral cavity. 
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Introduction 

Fusobacterium nucleatum is a prevalent member of the oral microbial community and 

considered a key organism in biofilm formation due to its ability to adhere to a large 

variety of microbial species.1,2,3 While present in healthy oral biofilms, this Gram-

negative opportunistic pathogen is dominant in periodontal disease4 and has been 

implicated in a number of invasive human infections5,6, acute and chronic inflammatory 

conditions7,8 as well as adverse pregnancy outcomes9,10 F. nucleatum pathogenicity is, 

in part, attributed to its function as a “bridging organism” that supports the integration of 

periodontal pathogens into oral biofilms.2,11 With this unique ability to attach to both 

early and late colonizers, F. nucleatum is thought to play a central role in the ecological 

shift from a mostly Gram-positive to a predominately Gram-negative and thus, 

pathogenic, biofilm community in periodontal disease.2  

 

Despite the extensive exploration of F. nucleatum interspecies interactions and the 

identification of a number of binding partners, to date, only two fusobacterial large outer 

membrane proteins (OMPs), RadD and Fap2, have been characterized at a molecular 

level for their role as adhesins in binding to a variety of Gram-positive species12,13 and 

Porphyromonas gingivalis, respectively.14 Both, RadD and Fap2 are members of the 

autotransporter family of proteins13, which are the largest known family of virulence 

factors expressed by Gram-negative bacteria.15 Autotransporters account for numerous 

biological functions including adhesion16,17 cell-to-cell aggregation18,19, biofilm 

formation20,21, and invasion22. It is therefore not surprising that in addition to their role in 

interspecies binding, fusobacterial autotransporters are multifunctionally involved in the 
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induction of apoptosis in lymphocytes23,24 and adherence to murine placental cells14.  

 

Historically, studies have shown that interbacterial binding measured by the classical 

coaggregation assay often involves highly serotype or strain-specific cell-to-cell 

recognition.25 For example, a panel of different F. nucleatum strains and several species 

of Selenomonas were found to bind only to certain subsets of oral partner species 

tested but no distinct group-specific pattern was observed.2 In particular, adhesion of 

different F. nucleatum isolates to a selection of P. gingivalis strains varied from no 

interaction to very strong co-aggregation phenotypes, some of which were sensitive to 

lactose or heat treatment, while others were not.26 This interspecies binding variation is 

not limited to fusobacterial interactions but appears to be a common theme among oral 

bacterial species. Previous studies of different oral bacterial interactions have 

demonstrated that coaggregation involves highly specific cell-to-cell recognition of 

distinct isolates of a certain species and that this pattern is not generalizable to all 

strains of a single species or all species of a genus. Other examples of these differential 

binding specificities include Actinomyces naeslundii with different strains of 

Streptococcus sanguinis and Streptococcus gordonii 25,27,28,29, P. gingivalis binding with 

Veillonella, Capnocytophaga, and Actinomyces but not with Streptococcus 30, intra- and 

intergenic coaggregations between Streptococcus and Actinomyces 31 among others. 

 

Interactions between F. nucleatum and P. gingivalis are of key interest because they 

are frequently isolated together from several chronic immunoinflammatory diseases of 

the oral cavity.32,33 While identification of Fap2 as the galactose-inhibitable adhesin of F. 
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nucleatum strains ATCC 23726 for binding to P. gingivalis strain PK1924 provided the 

first molecular identification of a fusobacterial adhesin involved in this 

interaction14,previous reports of differential binding between various strains of these 

species26 as well as the finding that their coaggregation can be inhibited by 

carbohydrates other than galactose indicated the presence of additional adhesins. In 

this study, we tested the coaggregation between F. nucleatum strain ATCC 23726 and 

five strains of P. gingivalis, characterized the carbohydrate-sensitivity of the interaction 

and screened the existing panel of autotransporter mutants in ATCC 2372613 for 

possible binding defects. This led to the identification of RadD as an additional strain-

specific fusobacterial adhesin for interaction with P. gingivalis as well as the finding that 

further adhesins exist that do not belong to the autotransporter family of proteins despite 

being inhibited by the addition of arginine similar to RadD. 
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Materials and Methods 

Bacterial Strains and Culture Conditions  

F. nucleatum strain ATCC 23726 and its mutant derivatives defective in large outer 

membrane autotransporter proteins13,24 as well as seven different P. gingivalis strains 

4612, T2235, MP4-50434, ATCC 3327735, 38136, W50 and W8337, were maintained on 

Columbia agar supplemented with 5% sheep blood or in Columbia broth (Difco, Detroit, 

MI) under anaerobic conditions (10% H2, 10% CO2, 80% N2) at 37°C. All media for P. 

gingivalis were also supplemented with hemin at 5  µg ml-1 and menadione at 1 µg ml-1. 

Thiamphenicol at 5 µg ml-1 and clindamycin at 1 µg ml-1 (MP Biomedicals, Irvine, CA) 

were used for the selection and maintenance of strains possessing the catP and ermB 

determinants, respectively. 

 

Coaggregation Assay 

Visual. Coaggregation assays were performed in coaggregation buffer (CAB; 150mM 

NaCl, 1mM Tris, 0.1 mM CaCl2, 0.1 mM MgCl2 • H2O [pH 7.5]) as previously 

described13. In brief, cells were pelleted and re-suspended in CAB to a final 

concentration of 2 x 109 cells (OD600 of 2). Suspensions of strains to be examined for 

coaggregation were combined with an equal volume of a test strain adjusted to the 

same cellular concentration in CAB to a total volume of 400 µl in a reaction tube. Once 

the second partner strain was added, reaction mixtures were immediately vortexed for 5 

s and incubated for at least 10 min prior to evaluation using a visual scoring system 

ranging from 0 to 4.3 A score of 0 was assigned for no visible co-aggregation and a 
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score of 4 described complete sedimentation of strains with a clear supernatant (Table 

S1).   

Quantitative.  Coaggregation assays were performed identical to the visual assay 

except that optical densities of reaction mixtures were obtained spectrophotometrically 

immediately after addition of the second partner strain and vortexing (ODt=0 min). After 10 

min of incubation, reaction mixtures were centrifuged at low speed (100×g for 1 min) to 

pellet coaggregated cells while leaving non-aggregated bacteria in suspension.  Optical 

densities of the supernatants were measured after the 10 min incubation (ODt=10min) in 

order to quantitate coaggregation. Coaggregation test reactions were calculated as 

(ODt=0min – ODt=10min)/(ODt=0min). These values were averaged across at least three 

independent experiments and represented as percentages calculated relative to control 

reactions (reactions without the addition of a partner strain) as (Avgtest reaction / Avgcontrol 

reaction) x 100.  

Inhibition. For both visual and quantitative inhibition assays, either L-arginine, D-

galactose, L-glutamic acid, D-glucose or lactose was added to the reaction tube 

containing only F. nucleatum cells to a final concentration of 100 mM. The suspension 

was then vortexed and incubated for 5 min prior to the addition of the coaggregation test 

partner.  Once the partner strain was added, the reaction mixture was vortexed again 

and the assay was evaluated via the quantitative coaggregation assay as described 

above. The final concentration of each inhibitor per coaggregation reaction was 50 mM. 
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Biofilm Growth 

Dual Species Biofilms. The F. nucleatum and P. gingivalis biofilm growth protocol was 

modified from a previous study39 by using 96-well collagen coated plates (Advanced 

BioMatrix, San Diego, CA) that were UV sterilized for 1 h prior to inoculation. For dual-

species biofilms 100 µl of CB supplemented with hemin at 5  µg ml-1 and menadione at 1 

µg ml-1 (CBHM) were added into each well.  F. nucleatum cells (50 µl containing ~5 x 

107 cells) were seeded into each well and allowed to grow under anaerobic conditions 

(10% H2, 10% CO2, 80% N2) at 37°C for 3 h prior to the addition of P. gingivalis (50 µl 

containing ~5 x 107 cells) to allow F. nucleatum cells time to bind to and saturate the 

collagen-coated surfaces. Plates were incubated overnight under anaerobic conditions 

(10% H2, 10% CO2, 80% N2) at 37°C. Triplicate wells were inoculated for each 

experiment, which were combined for DNA extraction. At least three biological 

replicates were performed per condition. 

Fusobacterial Attachment. To ensure that each of the fusobacterial strains attached to 

collagen-coated wells over 3 h, after of growth under anaerobic conditions (10% H2, 

10% CO2, 80% N2) at 37°C, contents were removed from each well and rinsed once 

with 250 µl of sterile phosphate-buffered saline (PBS). Plates were inverted and dried. 

Afterwards, attached bacteria were fixed at room temperature for 15 min by adding 200 

µl of methanol into each well. The plates were stained with a 100 µl aqueous solution of 

0.5% crystal violet (Thermo Fisher Scientific, Waltham, MA) for 15 min at room 

temperature. The plates were then carefully rinsed with Millipore water until there was 

no visible trace of the stain. Bound stain was dissolved by adding 160 µl of 95% 

ethanol. The optical density (OD) of each well was measured at 570 nm and was 
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represented as relative to a negative control wells that only contained CB 

(Supplemental Figure S1). At least three biological replicates were performed per F. 

nucleatum strain. 

 

Extraction of DNA from Biofilms 

Prior to DNA isolation, the medium was carefully removed from the wells. Genomic DNA 

was isolated directly from the wells using GenElute Bacterial Genomic DNA Kit (Sigma-

Aldrich, St. Louis, MO) according to manufacture’s instructions with modification of final 

elution to 30 µl. Buffers, enzymes and precipitating DNA were directly added into the 

wells prior to combining replicate samples and transferring the solution to the columns.  

 

Quantitative (Real-Time) Polymerase Chain Reaction 

To quantify the relative proportions of each species in the respective dual-species 

biofilms, species-specific primer pairs were used. For F. nucleatum ATCC 23726 and its 

mutant derivatives a portion of the Fusobacterium-specific fomA gene was amplified 

with Fn-F (forward) 5’AGTTGCTCCAGCTTGGAGACCAAAT3’ and Fn-R (reverse) 5’ 

AAGTTTACTTTTGTTAAAGTTTGTAATCTTCC3’ primers. For P. gingivalis Pg-F 

(forward) 5’AGGCAGCTTGCCATACTGCG3’ and Pg-R (reverse) 

5’ACTGTTAGCAACTACCGATGT3’ were chosen to amplify a portion of the P. 

gingivalis 16S rRNA gene. Primer pairs were tested for possible cross-reactivity with the 

other species. Real-time qPCR was performed using an iCycler Thermal Cycler (Bio-

Rad, Hercules, CA) in a total volume of 20 µl containing 2 µl of 10x iQ SYBR Green 

Supermix (Bio-Rad, Hercules, CA), 0.5 µM each of forward and reverse primers, 7 µl of 
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Millipore water and 1 µl (10 ng) of template DNA. Amplification and detection were 

carried out in 96-well optical plates (Thermo Fisher Scientific, Waltham, MA). Each PCR 

run was carried out with an initial incubation of 10 min at 95°C followed by 40 cycles of 

denaturing at 95°C for 15 sec; annealing and elongation at 60°C for 1 min. After the 40 

cycles of amplification, an additional denaturing step was performed at 95°C for 1 min 

followed by annealing and elongation at 60°C for 1 min. A melting curve analysis was 

completed after each run. The DNA concentrations (ng ml-1) were calculated with 

standard curves obtained by tenfold serial dilutions of bacterial genomic DNA. Three 

independent qPCR runs were performed with three technical replicates for each sample 

to assess reproducibility and inter-run variability.  

 

Statistical Analysis 

Student’s t-test was performed to determine statistical significance using Excel 2011 

(Microsoft, Seattle, WA). 
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Results 

Autoaggregation of Bacteria and Coaggregation of F. nucleatum ATCC 23726 with 

P. gingivalis Displays a Strain-Specific Profile  

Qualitative and quantitative autoaggregation and coaggregation assays revealed a 

strain-dependent binding profile of F. nucleatum ATCC 23726 with the seven different 

strains of P. gingivalis tested in this study. Robust interactions were observed with P. 

gingivalis strains 4612 (62±8% coaggregation), T22 (54±8 % coaggregation) binding 

and ATCC 33277 (65±17% coaggregation) (Figure 1). Binding of P. gingivalis strains 

W50 and W83 to F. nucleatum ATCC 23726 was notably weaker, showing only 23±10% 

and 30±22% coaggregation, respectively. P. gingivalis strains 381 and the clinical 

isolate MP-504 revealed 54±2% and 73±4% coaggregation, respectively but were not 

chosen for further interaction studies with F. nucleatum due to notable autoaggregation 

levels. Interactions of fusobacteria with other species can be disrupted by a number of 

small molecules including arginine, galactose and lactose.26 Attachment to early 

colonizers was described to be largely inhibitable by arginine40 with identification of 

RadD as the arginine-inhibitable adhesin for streptococci 13 whereas adhesion between 

F. nucleatum and Gram-negative late colonizers including P. gingivalis was found to be 

generally sensitive to galactose26,41. Fap2 was recently identified as the galactose-

inhibitable adhesin for this interaction.14 Interestingly, the binding profile of F. nucleatum 

strain ATCC 23726 with the different P. gingivalis strains tested in this study exhibited a 

diverse inhibition profile that involved strain-dependent sensitivities to the inhibitors 

tested (Figure 2). Attachment to P. gingivalis strains 4612 and T22 was partially 

sensitive to arginine, galactose and lactose, whereas coaggregation with ATCC 33277 
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was almost completely abolished by the addition of arginine alone and partially sensitive 

to lactose. Coaggregation reactions in the presence of 50 mM arginine resulted in a 

relative decrease in coaggregation by 62±2 % with 4612, 70±6 % with T22, and 89±3% 

with ATCC 33277 compared to the corresponding reactions with ATCC 23726 in the 

absence of inhibitor. Reactions between F. nucleatum ATCC 23726 and P. gingivalis 

strains in the presence of galactose revealed, a 58±16% decrease in coaggregation 

with 4612 and 36±18% reduction of binding with T22 compared to control reactions 

without inhibitor. Coaggregation in the presence of 50 mM lactose resulted in a relative 

decrease in coaggregation by 46±13% with 4612, 56±7 % with T22, and 40±8% with 

ATCC 33277 compared to the corresponding reactions with ATCC 23726 in the 

absence of inhibitor. Interactions between ATCC 23726 and ATCC 33277 were not 

affected by galactose, with coaggregation being reduced by only 12±6% compared to 

the strains reacting in CAB. Addition of glucose or glutamic acid did not affect adhesion 

of any of the strain combinations tested. 

 

Fusobacterial Outer Membrane Proteins Function as Adhesins for Interaction with 

P. gingivalis 

In a previous study, we created gene inactivation mutants in large outer membrane 

autotransporter proteins (OMPs) of F. nucleatum ATCC 23726 and identified one of 

them, RadD, as an adhesin for interaction with Gram-positive streptococci and 

actinomyces.13 Recently, an additional one of these large outer membrane proteins, 

Fap2 was characterized as the adhesin for galactose-inhibitable binding of P. gingivalis 

PK 1924 to the same strain, ATCC23726, of F. nucleatum used here.14 Since we 
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observed strain-dependent coaggregation profiles in our inhibition experiments, we 

examined the binding of the previously generated OMP mutant panel, including the 

arginine-inhibitable RadD and galactose-inhibitable Fap2 to the three different P. 

gingivalis strains (4612, T22 and ATCC 33277) that exhibited significant binding in this 

study to the parent strain ATCC 23726 (Figure 3). Similar to the inhibition results, 

coaggregation between the F. nucleatum ATCC 23726 OMP mutant derivatives and the 

P. gingivalis strains varied depending on the interacting pairs. Fusobacterial interaction 

with P. gingivalis strain 4612 appears to be mediated by both Fap2 and RadD, with the 

average relative decrease for the individual mutants (Fap2 mutant, 53±6% and RadD 

mutant, 29±6%) adding up to the decrease seen for the Fap2/RadD double mutant 

(82±5%). Among the OMP mutants tested here, only lack of Fap2 resulted in a 

reduction of the interaction between F. nucleatum ATCC 23726 and P. gingivalis T22 

with a decrease of 55±27% relative to coaggregation with the wildtype parent strain. 

Binding to P. gingivalis 33277 displayed only a slight decrease with several of the OMP 

mutants tested. However, with the exception of the decrease (34±4%) observed with the 

Fap2/RadD double mutant none of the apparent reductions were significant. 

 

Biofilm Integration 

Previous studies have shown that the same strains of bacteria grown under biofilms 

conditions reveal different gene expression and transcriptomic patterns when compared 

to their planktonically grown counterparts.42,43,44 Since our coaggregation experiments 

are typically performed with planktonically grown cells, we wanted to confirm that the 

differences seen in coaggregation patterns with the F. nucleatum OMP mutants is 
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relevant for the integration of P. gingivalis strains 4612 and T22 into pre-existing 

fusobacterial biofilms. P. gingivalis strain 33277 was not included in the biofilm studies 

because coaggregation reactions with F. nucleatum OMP mutants did not show 

significant involvement of these adhesins in this interaction. 

 

Our dual species biofilm studies were conducted with P. gingivalis 4612 and T22 and 

revealed significant reduction in P. gingivalis 4612 integration into a biofilm when grown 

with F. nucleatum derivatives lacking Fap2 (24±14% integration), RadD (41±17% 

integration), or the Fap2/RadD double mutant (35±29% integration) when compared to 

biofilms containing wildtype F. nucleatum. P. gingivalis T22 exhibited a similar pattern of 

biofilm integration as 4612 with significantly decreased integration when grown with 

Fap2 (22±2% integration), RadD (49±20% integration) or the Fap2/RadD double mutant 

(19±11% integration) (Figure 4). Biofilm growth with the F. nucleatum ATCC 23726 

mutant derivative carrying a deletion in OMP FN1893 served as a control to ensure that 

decreased P. gingivalis integration in the dual species biofilms were mutation specific 

and not the result of a general biofilm phenotype effect caused by lack of an OMP. 
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Discussion 

In this study we provide evidence that in addition to the previously described Fap2-

mediated interaction between F. nucleatum ATCC 23726 and P. gingivalis strain PK 

192414, multiple adhesins play a role in the attachment of this fusobacterial strain with P. 

gingivalis in a highly strain-dependent manner. The notion of isolate-specific interaction 

is not new and has been observed for a number of different species pairs including F. 

nucleatum with a variety of Selemonas, Streptococcus, and Actinomyces species as 

well as different isolates of P. gingivalis and other oral bacteria.2,26,45 Other studies 

describe similar phenomena of strain-specific interactions for Actinomyces species with 

different streptococci25,28 as well as a number of additional oral bacterial species29,30,46. 

In addition to Fap2, several adhesins involved in some of these interactions have been 

identified including SspA/B in the binding of S. gordonii with P. gingivalis 47 and the 

fusobacterial RadD in the interaction between F. nucleatum and streptococcal species 

as well as actinomyces13. However most studies have only investigated individual 

strains for each of the species involved and comprehensive studies including multiple 

isolates are still lacking. Considering the previously observed strain-dependent 

variations as well as the observation that the inhibition profiles of interactions between 

species can depend on isolates or serotypes tested, the presence of additional 

adhesins would be expected.	  

 

Quantitative coaggregation studies between F. nucleatum ATCC 23726 and different 

strains of P. gingivalis revealed robust coaggregation with strains, 4612, T22 and ATCC 
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33277, but a relatively weak interaction with strains W50 and W83 (Figure 1). This 

differential affinity between F. nucleatum and the periodontal pathogen P. gingivalis 

could play a role in virulence of oral biofilms. W50 and W83 are highly pathogenic 

strains of P. gingivalis 48,49 and the type of F. nucleatum strain already present in the 

oral biofilm could determine if more or less virulent variants of P. gingivalis integrate into 

the biofilm. For example, W83 has been shown to associate with F. nucleatum in oral 

epithelial cell invasion50 and F. nucleatum clinical isolate TDC100 enhanced invasion 

significantly more than F. nucleatum ATCC 25586. Thus understanding which adhesins 

are involved in interactions with more virulent pathogens could shed light on the 

molecular mechanisms of pathogenic biofilm formation. 

 

Similar to previous observations for binding of F. nucleatum to streptococci51, the 

interactions between F. nucleatum ATCC 23726 and at least two of the three strongly 

binding strains of P. gingivalis is multi-modal, since substantial levels of coaggregation 

remained even in the presence of inhibitors (Figure 2). Consistent with a strain-

dependent multi-modal interaction, binding of F. nucleatum to P. gingivalis was 

mediated through adhesins sensitive to arginine, galactose, and lactose at varying 

degrees. This was especially interesting because historically, fusobacterial adherence 

to the predominantly Gram-negative late oral colonizers, including P. gingivalis, has 

largely been associated with galactose-inhibitable interactions, while coaggregation with 

Gram-positive early colonizing species are suggested to be mediated by arginine-

inhibitable interactions.26 In contrast to the binding characterized between F. nucleatum 

ATCC 23726 and P. gingivalis strain PK 192414, which followed this paradigm, the 
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attachment of the same fusobacterial strain to the P. gingivalis derivatives tested in this 

study was only partially sensitive to the addition of galactose (4612 and T22) or not at 

all (ATCC 33277). Surprisingly, arginine had a stronger effect on the coaggregation with 

all three P. gingivalis strains with the binding to ATCC 33277 being almost completely 

abolished by addition of this amino acid (Figure 2C). Lactose-inhibition was observable 

in coaggregation with all three P. gingivalis strains used in this study and were 

consistent with previous findings that suggest lactose-inhibitable coaggregations may 

be a common form of interaction among changing populations of bacteria in the shift 

from health to a state of severe periodontal disease.2,26	  

 

Screening of the autotransporter large outer membrane protein (OMP) mutant collection 

from a previous study13, revealed that in addition to Fap2, RadD functions as one of the 

adhesins mediating the binding between F. nucleatum ATCC 23726 and P. gingivalis 

4612 (Figure 3A). This was unexpected because RadD was previously identified as a 

major arginine-inhibitable adhesin for interactions of F. nucleatum with several Gram-

positive species.12,13 Among the OMP mutant collection, only lack of Fap2 resulted in a 

partial reduction (~50%) of coaggregation with P. gingivalis strain T22 indicating that the 

additional adhesin that contributes to the interaction between these strains constitutes a 

different type of cell surface feature. This unidentified adhesin is likely to provide the 

arginine-inhibitable feature of the interaction, since Fap2-mediated adhesion to P. 

gingivalis has been described previously as galactose-inhibitable.14 Both RadD and 

Fap2 are multifunctional OMPs that were previously characterized for their role in 

induction of cell death in human lymphocytes.24 RadD has additional functions as the 
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above-mentioned arginine-inhibitable adhesin for attachment to gram-positive early 

colonizers12,13 and the newly discovered role as one of the adhesins for attachment to P. 

gingivalis strain T22. Multi-functionality has been described for other large outer 

membrane proteins including TolC of Escherichia coli 52, OprF for Pseudomonas 53 and 

the major outer membrane protein of Campylobacter jejuni 54. The arginine-inhibitable 

adhesin that largely mediates the coaggregation of F. nucleatum ATCC 23726 with P. 

gingivalis ATCC 33277, which could also contribute the arginine-sensitive attachment to 

T22 has yet to be identified in F. nucleatum.  

 

Our results for integration of P. gingivalis 4612 and T22 into fusobacterial biofilms 

formed by F. nucleatum ATCC 23726 wildtype and its mutant derivative lacking Fap2, 

RadD or both as well as FN1893 confirmed the importance of Fap2 and RadD for 

attachment of 4612 to ATCC 23726 (Figure 4). Under biofilm growth conditions RadD 

may also play a role in binding between F. nucleatum ATCC 23726 and P. gingivalis 

T22. This additional function of RadD was not apparent in the interaction with T22 and 

could be due to differential expression of adhesins in this strain of P. gingivalis under 

biofilm growth conditions. Adhesins are critical virulence factors whose expression are 

regulated and coordinated to ensure that the necessary adhesin is expressed at the 

right time.55,56 When bacterial species have integrated into existing biofilms, significant 

changes come about compared to their planktonic counterparts including gene 

expression patterns and physiological properties.44,57 
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In summary, we report that interspecies interactions between F. nucleatum and P. 

gingivalis involve a number of different fusobacterial adhesins. The previously 

characterized14 Fap2 appears to be a more prominent adhesin that takes part in the 

attachment to three of the four P. gingivalis strains investigated so far for their 

attachment to F. nucleatum on a molecular level. The arginine-inibitable adhesin RadD, 

which we originally identified as a major adhesin for interaction with streptococci and 

other early colonizers12,13 contributes to the attachment to at least one strain of P. 

gingivalis and possibly a second one under biofilm growth conditions. Additionally, we 

provide evidence for the presence of at least one additional adhesin that is sensitive to 

arginine and is not a member of the autotransporter family type of fusobacterial large 

outer membrane proteins. These findings are consistent with earlier observations of 

different coaggregation groups for F. nucleatum with P. gingivalis that vary in their 

sensitivity to a variety of inhibitors.26,58 Because certain strain-strain interactions could 

be more pathogenic than others, we believe that an improved understanding of the 

array of adhesins involved in interspecies attachment will continue to clarify the role of 

F. nucleatum in health and disease. 
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Figure 1. Quantitative autoaggregation levels of bacterial strains and coaggregation 

levels between F. nucleatum ATCC 23726 and seven different P. gingivalis strains. 

Data are expressed as % aggregation and represent the means and standard deviation 

of at least three independent experiments. 
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Figure 2. Quantitative inhibition of coaggregation assay between F. nucleatum ATCC 

23726 and P. gingivalis strains (A) 4612 (B) T22 and (C) ATCC 33277 in the presence 

of inhibitors. Data are expressed as relative % coaggregation compared to 

coaggregation reaction of the partner strains in buffer set as 100% and represent the 

means and standard deviation of at least three independent experiments. 
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Figure 3. Quantitative coaggregation assay between F. nucleatum ATCC 23726 and 

mutant derivatives in outer membrane proteins (OMPs) with P. gingivalis strains (A) 

4612, (B) T22 and (C) ATCC 33277. Data are expressed as relative % coaggregation 

compared to coaggregation reaction of the wildtype with the respective P. gingivalis 

partner strains set as 100%. Data represent the means and standard deviation of at 

least three independent experiments. 
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Figure 4. P. gingivalis integration in dual species biofilms with F. nucleatum ATCC 

23726 ΔFap2, ΔRadD and ΔFap2/ΔRadD OMP mutant derivatives. Biofilm integration is 

given as a percentage relative to biofilm integration measured with wildtype F. 

nucleatum ATCC 23726. At least three independent experiments were performed per 

strain combination. Data represent the means and standard deviation of at least three 

independent experiments. 
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Supplemental Figure 1. Quantification of fusobacterial attachment to collagen-coated 

96-well plates. OD570nm measurement of crystal violet-stained biofilms resuspended in 

95% ethanol. Averages and SDs of three separate experiments are shown. 

 

 

 

 

 

 



	  
27 

 

Supplemental Table 1. Autoaggregation and coaggregation reactions were visually 

scored. A score of 0 was assigned for no visible aggregation and a score of 4 described 

complete sedimentation of strains with a clear supernatant. 

 

 

 

 

 

 

 

 

 

 

 

 

 Autoaggregation F. nucleatum 
ATCC 23726 

Pg 4612 0 4 
PgT22 0 4 
Pg W83 0 0 
Pg W50 0 0 
Pg 33277 0 3 
Pg 381 4 4 
Pg MP-504 1 4 
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Abstract 

The oral Gram-negative bacterium Fusobacterium nucleatum has been implicated as an 

important player in both health and disease. Fusobacteria act as a bridging organism 

that connect early with late colonizers in oral biofilm formation and can induce apoptosis 

in lymphocytes. We previously demonstrated that in F. nucleatum these functions 

involve large outer membrane proteins of the autotransporter family such as RadD, 

which is encoded by the largest and last gene of a four gene operon. The three genes 

upstream of radD (homologue of FN1526) are small genes homologs of FN1529, 

FN1528 (which we termed rapA and rapB, respectively) coding for proteins with 

unknown functions and a homolog of FN1527 (fad-I), which was recently reported to 

induce human β-defensin 2 (hBD-2) in oral epithelial cells. The objective of our study 

was to confirm radD function in F. nucleatum ssp. nucleatum (FNN) and ssp. 

polymorphum (FNP) and gain insight into the role of the genes in the radD operon in 

interspecies interaction. Here, we report that the gene directly upstream of radD, 

previously identified as fad-I encoding a lipoprotein, regulates radD expression. Gene 

inactivation mutants of FNN rapA, rapB, fad-I and FNP rapA, rapB, radD, were 

generated and all mutants were subjected to coaggregation assays ad qPCR analysis. 

Our studies show that lack of the fad-I gene results in increased binding with both 

Streptococcus gordonii and Porphyromonas gingivalis as a result of overexpression of 

radD. The FNN and FNP Δfad-I mutants also exhibited the enhanced ability to form 

robust biofilms with S. gordonii. These results suggest that the protein encoded by fad-I 

is an element acting as a repressor for radD expression. 
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Introduction 

Bacterial adhesion is an essential process in the development and maturation of multi-

species biofilm, mediated by bacterial virulence factors called adhesins. Adhesion has 

been observed between genetically distinct bacteria isolated from biofilms in a number 

of human sites including the gut, urogenital tract, and oral cavity1–7 and is one of the first 

steps in the cascade of events that lead to the establishment of bacterial infection in a 

biofilm.  

 

Biofilm development involves the complex and coordinated regulation of adhesin in 

response to quorum sensing, bacterial stress and host susceptibility.8–10 The regulation 

of adhesion expression has been described in two levels.11 One level involves the 

sensing changes in the bacterial environment and can be seen as a coordinated 

response to switch adhesins on or off.12,13 The other level involves the regulation of 

bacterial adhesins regardless of environmental factors to allow for a survival advantage 

in unpredictable environments.14  

 

Of interest are the adhesins of the opportunistic pathogen Fusobacterium nucleatum, a 

prominent member of oral biofilms. A key feature of F. nucleatum is its remarkable 

ability to bind using adhesins to bacteria both commensal and pathogenic species alike, 

in addition to eukaryotic cells. One fusobacterial adhesin in particular, RadD, was 

identified as the main adhesin to mediate attachment to a number of gram-positive early 

colonizers,15 in addition to supporting fusobacterial adherence to certain isolates of 

Porphyromonas gingivalis, a periodontal pathogen.7 RadD has also been implicated in 

attachment to and apoptosis induction in human lymphocytes,16 adding to the 
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evidence that it is critical in the establishment of fusobacteria and disease. 

 

Sequence analyses using Protein BLAST17 reveal RadD is encoded by the last gene in 

a four-gene operon that is conserved across all four subspecies of F. nucleatum ssp. 

animalis: FSDG_01656, FSDG_01657, FSDG_01658 and FSDG_01659.15 The gene 

directly upstream of radD, called fad-I, was previously described as encoding the 

lipoprotein FAD-I, which is characterized by its ability to induce human β-defensin 2 

(hBD-2) in oral epithelial cells in a subspecies dependent manner.18,19 FAD-I of F. 

nucleatum ssp nucleatum, type strains 25586 and 23726, induce expression of hBD-2 

effectively, while FAD-I of F. nucleatum ssp polymorphum, type strain 10953 fails to do 

so, which could have a profound influence on oral community composition. No function 

has been described for the two other genes encoded by the operon, which we 

denominated as RapA and RapB (RadD associated proteins). 

 

In the present study, we investigated the role of the genes encoded by the radD 

containing four-gene operon in interspecies interaction of the F. nucleatum nucleatum 

and polymorphum subspecies. Our studies revealed that lack of the fad-I gene results in 

increased binding of Fusobacteria to both early and late oral colonizers as a result of 

the overexpression of radD, which also conferred the enhanced ability to form robust 

biofilms with Streptococcus gordonii. We also demonstrated that the presence of RadD 

is not needed for regulating its expression. These results suggest that the protein 

encoded by fad-I is an element acting as a repressor for radD expression. Additionally, 

we report radD suppression when F. nucleatum is bound to a streptococcal partner 

species and no change in radD expression when bound to Porphyromonas gingivalis, 
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indicating an additional regulatory mechanism that is independent of fad-I and radD.   
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Materials and Methods 

Bacterial Strains and Culture Conditions  

F. nucleatum ssp nucleatum strain ATCC 23726, ssp polymorphum strain ATCC 10953 

and their respective mutant derivatives generated in this study or described 

previously15,19 as well as P. gingivalis strain 4612,20 were maintained on Columbia agar 

supplemented with 5% sheep blood or in Columbia broth (Difco, Detroit, MI) under 

anaerobic conditions (10% H2, 10% CO2, 80% N2) at 37°C. All media for P. gingivalis 

were supplemented with hemin at 5  µg ml-1 and menadione at 1 µg ml-1. S. gordonii 

ATCC 1055821 was maintained on Todd Hewitt agar or Todd Hewitt broth (Difco, 

Detroit, MI) under anaerobic conditions (10% H2, 10% CO2, 80% N2) at 37°C. 

Thiamphenicol at 5 µg ml-1 and clindamycin at 1 µg ml-1 (MP Biomedicals, Irvine, CA) 

were used for the selection and maintenance of strains possessing the catP cassette. 

One Shot TOP10 Competent E.coli cells (Thermo Fisher Scientific, Waltham, MA) used 

for DNA manipulation were grown aerobically at 37°C degrees in Luria broth (Difco, 

Detroit, MI). 

 

Mutant strain and plasmid construction 

Allelic exchange mutagenesis  

Allelic exchange mutagenesis was used to replace target genes with the catP 

resistance cassette that confers thiamphenicol resistance. Internal gene fragments were 

amplified for each target gene using Phusion HF DNA polymerase (NEB) according to 

the manufacturer’s protocol and primers designed for this study (Table 1). Fusion PCR 

was carried out as previously described.22 Fragments were purified and isolated using 

the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Each construct was 
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generated by fusing fragments homologous to the upstream and downstream portions 

of the target gene to flank the catP gene along with its promoter. The catP gene for 

each construct was amplified from pHS30.23 Primers used in fusion PCR were created 

with overlaps of 25-30 base pairs to allow for fusion in the PCR reactions. The fusion 

products were cloned into pJET1.2/blunt (Thermo Fisher Scientific, Waltham, MA) and 

transformed into One Shot TOP10 Competent E. coli Cells according to manufacturer’s 

protocols to generate the respective plasmids used for gene replacement (Table 1). 

After confirmation of the constructs by sequencing and restriction mapping, plasmid 

DNA was isolated and purified using QIAGEN Plasmid Maxi Kit (Qiagen, Hilden, 

Germany). Purified plasmids were then transformed into ATCC 23726 or ATCC 10953 

to generate respective derivatives lacking target genes as previously described.24,25 

Using internal primers, the genomic DNA obtained colonies was analyzed by PCR for 

presence of the catP gene and absence of the target gene. 

Insertional inactivation  

A ΔradD mutant derivative of F. nucleatum ssp. polymorphum ATCC 10953 was 

constructed by inactivating the radD gene (FNP1046) via single homologous 

recombination as described earlier.15 Briefly, a 1032 bp gene fragment was amplified 

using the primer pair BS1000 and BS1001 appended with EcoR1 and BamH1, 

respectively from genomic DNA of F. nucleatum 10953 and sub-cloned into 

pJET1.2/blunt vector. The resulting plasmid was digested with EcoR1/BamH1, ligated 

into EcoR1/BamH1 digested pHS31vector and transformed into E.coli.  After 

confirmation of the integration plasmid by sequencing, the plasmid DNA was 

electroporated into F. nucleatum ssp. polymorphum ATCC 10953 and plated on 

selective media containing 5µg/ml thiamphenicol. The insertional mutant was 
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confirmed via PCR and sequencing.  

 

Coaggregation Assay 

Quantitative coaggregation assays were performed identical to the visual assay except 

that optical densities of reaction mixtures were obtained spectrophotometrically 

immediately after addition of the second partner strain and vortexing (ODt=0 min). After 10 

min of incubation, reaction mixtures were centrifuged at low speed (100×g for 1 min) to 

pellet coaggregated cells, while leaving non-aggregated bacteria in suspension.  Optical 

densities of the supernatants were measured after the 10 min incubation (ODt=10min) in 

order to quantitate coaggregation. Percent coaggregation was calculated as follows: % 

coaggregation = [(ODt=0 min – ODt=10min) / (ODt=0 min)] x 100. These values were averaged 

across at least three independent experiments.  

 

Co-incubation of F. nucleatum with partner species 

Cell were grown to mid-log phase and a total of OD600 1 cells of F. nucleatum ATCC 

23726 or mutant derivative was added to sterile 15ml conical tubes with either a total 

OD600 1 of S. gordonii ATCC 10558 or P. gingivalis 4612 cells. Control tubes contained 

1ml (OD600 1) of F. nucleatum ATCC 23726 or mutant derivative alone. Cells were 

centrifuged for 5 min at 4600 x g. supernatant was decanted, and replaced with 1ml of 

CB for F. nucleatum alone tubes, 2ml of CB for tubes with F. nucleatum and S. gordonii, 

or 2ml of CB supplemented with hemin (5  µg ml-1) and menadione (1 µg ml-1) for tubes 

with F. nucleatum and P. gingivalis. Tubes were centrifuged again for 3 min followed by 

anaerobic incubation (10% H2, 10% CO2, 80% N2) at 37°C for 30 min or 20 hours. Cells 

were collected after incubation, pelleted and stored in - 80°C for at least 24 hours 



	  

41 

prior to RNA extraction. 

 

Nucleic acid isolation and cDNA generation 

Genomic DNA was isolated from mid-log phase cells using GenElute Bacterial Genomic 

DNA Kit (Sigma-Aldrich, St. Louis, MO) according to manufacture’s instructions with 

modification of final elution to 30 µl. Total RNA was extracted from cells using the 

PureLink RNA Mini Kit (Thermo Fisher Scientific, Waltham, MA), followed by a TURBO 

DNA-free DNase Treatment (Thermo Fisher Scientific, Waltham, MA), and finally 

cleaned and concentrated using RNA Clean & Concentrator (Zymo Research, Irvine, 

CA). One microgram of total RNA was used for cDNA synthesis using SuperScript III 

First-Strand Synthesis System (Thermo Fisher Scientific, Waltham, MA) according to 

the manufacturer’s protocol.  

 

Quantitative (Real-Time) Polymerase Chain Reaction 

Gene specific primers (Table 1) were used to amplify transcript regions for signal 

detection by qPCR on iCycler Thermal Cycler (Bio-Rad, Hercules, CA) in a total volume 

of 20 µl containing 2 µl of 10x iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), 0.5 

µM each of forward and reverse primers, 7 µl of Millipore water and 1 µl of template. 

Primer sets were designed for each gene of interest in homologous regions of the 

corresponding open reading frames in F. nucleatum ssp nucleatum ATCC 23726 and F. 

nucleatum ssp polymorphum ATCC 10953. Amplification and detection were carried out 

in 96-well optical plates (Thermo Fisher Scientific, Waltham, MA). Each PCR run was 

performed with an initial incubation of 10 min at 95°C followed by 40 cycles of 

denaturing at 95°C for 15 sec; annealing and elongation at 60°C for 1 min. After the 
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40 cycles of amplification, an additional denaturing step was performed at 95°C for 1 

min followed by annealing and elongation at 60°C for 1 min. A melting curve analysis 

was completed after each run. The DNA concentrations (ng ml-1) were calculated with 

standard curves obtained by tenfold serial dilutions of bacterial genomic DNA. All 

standards were run in duplicate to generate a standard curve to determine the efficiency 

of each primer set. Three independent qPCR runs were performed with three technical 

replicates for each sample to assess reproducibility and inter-run variability. Following 

amplification, relative expression levels between samples were calculated as fold 

changes normalized to rpoB reference gene amplification.  

 

Biofilm Growth 

The F. nucleatum and S. gordonii biofilms were grown using 8-well chambers on optical 

plastic slides (Thermo Fisher Scientific, Waltham, MA) that were UV sterilized for 1 h 

prior to inoculation. For dual-species biofilms 500ul of SHI medium26 supplemented with 

0.5% sucrose and 0.5% mannose27 were added into each well.  S. gordonii (105 cells) 

and F. nucleatum wild-type or mutant cells (50 µl containing ~108 cells) were seeded 

into each well in a ratio of 1:1000 and allowed to grow under anaerobic conditions (10% 

H2, 10% CO2, 80% N2) at 37°C for 20 hours. At least three biological replicates were 

performed per condition. 

 

Imaging 

The biofilms were washed with sterile PBS before adding SYTO 9. They were further 

examined using a LSM-780 confocal laser scanning microscope (Zeiss, Germany) 

wherein tiled, confocal z-stacks were collected. The signal was summed over 
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the z-stacks to provide an overall fluorescence signal. 3D rendering and orthogonal 

sectioning of the z-stacks was performed using the Zeiss Zen software. Zeiss plan-

apochromat 20X/0.8 dry and Zeiss plan-neofluar 40x/1.3 oil objectives were used. 

SYTO9 fluorescence was imaged using a 488 nm laser with a FITC filter set.  

 

Statistical Analysis 

Student’s t-test was performed to determine statistical significance using Excel 2011 

(Microsoft, Seattle, WA). 
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Results 

Inactivation of genes encoded in the same operon as the RadD adhesin in the F. 

nucleatum subspecies nucleatum and polymorphum  

In oral fusobacteria including the transformable strains of the F. nucleatum subspecies 

nucleatum ATCC 23726 (FNN) and the subspecies polymorphum ATCC 10953 (FNP) 

the adhesin RadD is encoded by the last gene of a four gene operon comprised of the 

respective homologs of FN1529, FN1528, FN1527 (fad-I) and FN1526 (radD).15 The 

genes encoded by homologs of FN1529 and FN1528 were previously unnamed and will 

be referred to as rapA and rapB, respectively, (Rap stands for: radD-associated 

proteins). In our previous studies we inactivated radD of FNN and fad-I of FNP as part 

of their functional characterization.15,19 For a comprehensive investigation of all genes 

encoded by this four-gene operon in the above genetically tractable F. nucleatum 

subspecies, we individually inactivated rapA, rapB and fad-I in FNN, and rapA and rapB 

as well as radD in FNP (Figure 1). The small genes encoding rapA, rapB and fad-I were 

inactivated via double-crossover gene inactivation, while FNP radD was disrupted via a 

previously established single-crossover approach.25 The respective gene inactivation 

plasmids were created and transformed as described in Materials and Methods. The 

resulting mutant strains were confirmed by PCR and sequencing analysis. We also 

constructed a strain in which the catP resistance cassette was inserted between fad-I 

and radD as a control strain named CIC (catP Insertion Control) to address possible 

polar effects of catP insertion on gene expression. We employed the same strategy to 

introduce a mutated version of the fad-I gene lacking the start codon into FNP ATCC 

10953 (FNP fad-I*) as an additional control strain for possible unspecific effects of the 

catP cassette (Figure 1). The different fad- I mutants were further confirmed via 
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Western blotting using a previously developed anti-FAD-I antibody.  

 

Mutant derivatives of F. nucleatum lacking rapA, rapB, fad-I or radD exhibit 

altered coaggregation with S. gordonii and P. gingivalis. 

First, we assessed the coaggregation properties of the ΔrapA, ΔrapB, Δfad-I and ΔradD 

mutant derivatives of both F. nucleatum subspecies investigated in this study with S. 

gordonii to determine if the Rap and FAD-I proteins play a role in adhesion to Gram-

positive early colonizers and confirm RadD as adhesin in interspecies interaction for F. 

nucleatum ssp polymorphum. Visual and quantitative coaggregation assays revealed 

similar patterns of coaggregation between the corresponding mutants of FNN and FNP 

with S. gordonii (Figure 2). Individual inactivation of the genes encoding the Rap 

proteins (RapA and RapB) of both F. nucleatum subspecies exhibited coaggregation 

levels similar to their respective wild-type parent strains. Specifically, coaggregation of 

S. gordonii with ΔrapA mutants of FNN and FNP was 68±7% and 68±2%, respectively, 

and 59±12% and 70±5% with the ΔrapB derivatives, respectively, compared to 51±12% 

and 62±8% for the corresponding wild-type strains. Interestingly, coaggregation for the 

Δfad-I mutants in both subspecies showed significantly increased levels of 

coaggregation (85±4% for 23726 and 96±4% for 10953) (Figure 2), while the radD 

mutants for both strains displayed a coaggregation deficient phenotype in both strains 

(FNN, 6±2% coaggregation and FNP, 15±5% coaggregation), confirming RadD as a 

major adhesin in the interaction with early gram-positive oral colonizers15 also for the F. 

nucleatum subspecies polymorphum. We further assessed the coaggregation properties 

of FNN rap and fad-I mutants with P. gingivalis strain 4612, an interaction which was 

previously determined by our lab to be mediated by two adhesins, RadD and 
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Fap2.7 Interactions between P. gingivalis and the FNN mutants defective in rapA, rapB 

or fad-I were significantly enhanced 82±6%, 72±7%, and 73±9% coaggregation, 

respectively) compared to the coaggregation of wild-type with P. gingivalis (37±10%) 

(Figure 2B). The radD mutant displayed a coaggregation deficient phenotype with a 

19±2% coaggregation, consistent with the previously observed involvement of RadD in 

the interaction with P. gingivalis 4612.7  

 

Enhanced coaggregation correlates with increased radD expression in F. 

nucleatum and lack of FAD-I   

Next, we determined transcriptional levels of rapA, rapB, fad-I and radD in each mutant 

generated in FNN and FNP via qPCR (Figure 3). Even though some of the differences 

compared to wild-type gene expression were statistically significant they mostly did not 

exceed or even come close to two-fold changes in expression levels and will therefore 

not be considered to be biologically relevant. While the ΔrapA derivatives of both strains 

did not produce any signal confirming lack of the gene, transcriptional levels of rapA in 

most of the mutant strains tested were similar to wild-type levels (fold changes 

compared to respective wild-type parents: FNN CIC 0.97±0.05; FNP ΔrapB 1.3±0.14; 

FNN Δfad-I 1.24±0.29; FNP Δfad-I 1.30±0.95; FNP fad-I* 0.72±0.09; FNN ΔradD 

0.94±0.06; FNP ΔradD 1.48±0.60) with the exception of FNN ΔrapB (0.41±0.12 fold 

change) and the CIC derivative of FNP (0.47±0.08 fold change), which exhibited 

reduced rapA transcription (Figure 3A). As expected, both ΔrapB mutants did not 

produce any transcript (Figure 3B). All other strains exhibited less than two-fold 

differences in rapB expression levels (fold changes compared to respective wild-type 

parents: FNN CIC 0.84±0.09; FNP CIC 0.52±0.11; FNN ΔrapA 1.92±0.43; FNP 
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ΔrapA 1.29±0.02; FNN Δfad-I 1.27±0.42; FNP Δfad-I 1.23±0.13; FNP fad-I* 0.66±0.11; 

FNN ΔradD 0.90±0.52; FNP ΔradD 0.95±0.04). Similarly, we did not detect any fad-I 

transcript in both Δfad-I mutants, while fad-I expression in most mutant strains was 

similar to the wild-type parents (fold changes compared to respective wild-type parents: 

FNN CIC 0.67±0.16; FNN ΔrapA 1.72±0.49; FNP ΔrapA 1.38±0.46; FNN ΔrapB 

1.42±0.15; FNP ΔrapB 1.69±0.58; FNP fad-I* 0.55±0.03; FNN ΔradD 0.80±0.07; FNP 

ΔradD 1.21±0.36) with the exception of FNP CIC (0.38±0.08 fold change)(Figure 3C). In 

contrast to expression levels of rapA, rapB, and fad-I, we found that radD expression 

level were significantly elevated several fold in some mutant derivatives (Figure 3D) and 

that this increase correlated with the observed increase in coaggregation with S. 

gordonii (Figure 2A). In the CIC controls for each strain radD transcript levels were 

similar to respective wild-type for FNN (1.06±0.20) and FNP (1.22±0.29). While radD 

expression was less than two-fold elevated in the respective ΔrapA and ΔrapB 

derivatives of FNN (1.76±0.23 and 1.33±0.26, respectively) the Δfad-I mutant produced 

3.49±0.79 fold more radD. Lack of rapA, rapB or fad-I resulted in significant more than 

two-fold increase of radD levels compared to wild-type in the ATCC 10953 background 

with 2.28±0.27 for FNP ΔrapA, 3.26±0.23 for FNP ΔrapB, 5.95±1.20 for FNP Δfad-I and 

4.63±0.52 for FNP fad-I*. Additionally, detection of radD transcription in the radD 

mutants of both FNN and FNP was possible due to the location of the qPCR primer 

designed from a region of the sequence upstream of the insertion (Figure 1) and found 

to be similar to wild-type (0.89±0.13 fold change for FNN radD and 0.91±0.09 fold 

change for FNP radD).  

 

The presence of the RadD adhesin is not required for increased expression 
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of radD in a Δfad-I mutant 

To further investigate if the role of radD in radD regulation, we introduced a frameshift 

mutation in the N-terminal part of the radD gene in the FNN Δfad-I mutant background 

to create a derivative in which radD would still be expressed but not translated into a 

functional protein (Figure 1). The resulting FNN Δfad-I radD* mutant strain was deficient 

in coaggregation with S. gordonii (13±2.6% coaggregation compared to 64% for the 

wild-type parent control) (Figure 4A). Transcript levels for radD in the FNN Δfad-I radD* 

derivative remained elevated relative to wild-type (3.26±0.23 fold increase) (Figure 4B) 

similar to our findings above for the FNN Δfad-I mutant (Figure 3D).  

 

Interaction with S. gordonii regulates radD expression independent of FAD-I    

F. nucleatum utilizes RadD as a major adhesin for binding to S. gordonii and as an 

additional adhesin for interaction with certain P. gingivalis strains such as 4612. To 

examine if the presence of binding partners influences regulation of this important 

adhesin on a transcriptional level, we determined radD expression in the presence and 

absence of S. gordonii and P. gingivalis as binding partners and found that the 

presence of S. gordonii but not P. gingivalis reduced radD transcript levels already 

within the first 30 min of coincubation with F. nucleatum ATCC 23726 (Figure 5A) as 

well as in samples that were coincubated for up to 20 hrs (data not shown). This pattern 

was maintained in the respective Δfad-I and radD derivatives, albeit relative to the radD 

expression levels observed in the mutant background without the presence of a partner 

strain (Figures 5B and C).     

 

RadD levels are important for dual- species biofilm formation of F. 
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nucleatum with S. gordonii 

Next, we investigated if the elevated levels of RadD affect biofilm development with S. 

gordonii. Consistent with our findings for S. sanguinis, S. gordonii dual-species biofilms 

formed with F. nucleatum wild-type strains but not the corresponding ΔradD mutants are 

significantly thicker compared to the mono-species biofilms formed by S. gordonii alone 

(Figure 6). Addition of the Δfad-I mutant, in contrast, led to a dramatic increase in dual-

species biofilm formation with S. gordonii. Single-species biofilms of S. gordonii were 

significantly shallower (18.4±4.03µm) than the height of F. nucleatum and S. gordonii 

dual species biofilms (38±16.6µm), while the ΔradD mutant strain largely failed to 

integrate into the biofilm, which remained similar in height to those formed by S. 

gordonii alone (20.8±3.27µm). Biofilms developed with the F. nucleatum Δfad-I mutant 

were significantly taller (80.4±3.27µm) confirming the importance of RadD in biofilm 

formation and development. 
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Discussion 

Countless studies have described bacterial adhesion as an essential process in the 

development of sessile bacterial communities called biofilms that form to promote the 

survival of the resident bacteria.1–7 For many organisms, membership in a biofilm 

community offers important competitive advantages including protection from harmful 

challenge,28 nutrient availability,29 a broader range of habitats available for 

colonization,30 and rapid temporal adaptation to the changing microenvironment.31 

Bacterial attachment occurs in two stages, an initial reversible stage that involves 

transient interactions, and an irreversible, permanent stage that depends on adhesins 

responsible for mediating attachment. 32–36 These differences in attachment are a result 

of the regulation of adhesins, reflecting the importance of adhesin regulation for the 

survival of bacteria in changing environments.12–14 Examples of this regulation have 

been shown in Staphylococcus aureus where adhesin expression is globally regulated 

by a switch in phase variation by a regulatory element11,12,37 and transcriptional 

regulation of Streptococcus pyogenes genes encoding adhesins by a global 

transcriptional regulator.38–41 In addition to this, a recent study reported the dual function 

of Vibrio parahaemolyticus adhesin MAM7, as an adhesin mediating attachment to host 

cell membrane lipids but also as an effector of host signaling.42 

 

The major fusobacterial adhesin, RadD, has an important role in biofilm formation 

supporting the integration of secondary colonizers7,15 and is also able to induce 

apoptosis in human lymphocytes.16 We report that the gene encoding RadD is regulated 

on several independent levels. Our comprehensive analysis of the additional genes 

encoded upstream of radD revealed that FAD-I, which has previously been found to 
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differentially induce human β-defensin 2 (hBD-2) in oral epithelial cells,18,19 plays a role 

in regulation of radD expression. In contrast to its function in hBD-2 induction that is 

fusobacterial subspecies dependent, we found FAD-I involvement in transcriptional 

regulation of radD and the resulting effect on binding to and biofilm formation with its 

partner species S. gordonii is similar in both F. nucleatum subspecies tested in this 

study (Figure 2A, 3 and 6). Interestingly, this FAD-I mediated regulation of radD 

expression does not require the presence of a functional RadD adhesin, which suggests 

an independent pathway for FAD-I action. There appears to be involvement of the Rap 

and FAD-I proteins in the interaction with P. gingivalis, as we observed increased 

coaggregation phenotypes in the absence of these proteins (Figure 2B). This may 

suggest a possible coordination between the radD-operon and fap2 expression, as P. 

gingivalis was previously shown to interact with FNN via these two adhesins7 but further 

studies are needed to confirm this possibility.  

 

Furthermore, radD expression is suppressed for wild-type F. nucleatum spp. nucleatum 

and mutant derivatives Δfad-I and ΔradD (Figure 5) in the presence of S. gordonii but 

not P. gingivalis. This indicates an additional regulatory mechanism independent of 

FAD-I and RadD and also provides evidence for the partner specific gene regulation of 

radD in F. nucleatum. Enhanced expression of radD not only led to increased 

coaggregation of Δfad-I F. nulceatum derivatives with S. gordonii, but also significantly 

enhanced dual-species biofilms with S. gordonii when compared to wild-type, while the 

ΔradD mutant failed to effectively integrate into the biofilm consistent with our previous 

finding for biofilm formation with Streptococcus sanguinis.15 These findings support an 

important biological role for tight multi- level regulation of RadD production, since 
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deregulated radD expression severely alters interspecies interaction and biofim 

architecture. 

 

Adhesins clearly have a central role in coordinating the development of multispecies 

biofilms. The regulation of adhesins is therefore critical for the versatility of biofilms to 

respond to both harmful and beneficial factors affecting the polymicrobial community. 

Previous studies of F. nucleatum strains report variation between strains in the 

adherence properties to host cells and proteins.43 This difference in adherence 

capabilities and the complexity of regulatory mechanisms of adhesins likely reflect the 

importance of specific expression of adhesins for the survival of bacteria in changing 

environments. The results presented in this study support the role of FAD-I as a 

repressor of radD expression. We believe that further studies in the identification of 

additional regulatory mechanisms of fusobacterial adhesins is necessary and will 

continue to clarify the central role of F. nucleatum in health and disease. 
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Table 1. Primers, plasmids and strains used in this study 

 

Purpose Primer Sequence (5’ to 3’) 

FNP rapA 
inactivation 
 

BS975 
BS976 
BS990 
BS991 
BS978 
BS979 

TTACATGGGGTGGAGGAATCTTCTTAGC 
ATCGATCCCCGCCGAGCGAAACTCACCTCTCCTTTAATTTCAATAAAATATATAGTATAA 
GAAATTAAAGGAGAGGTGAGTTTCGCTCGGCGGGGATCGAT 
CTTTTATTTTCATTTTTCCCCCTCATTATTAACTATTTATCAATTCCTGCAATTCG 
CGAATTGCAGGAATTGATAAATAGTTAATAATGAGGGGGAAAAATGAAAATAAAAGAAAT 
TTATTTCTGTTCTTAATGGCACTTGTATTGC 

FNP rapB 
inactivation 
 

BS980 
BS981 
BS992 
BS993 
BS982 
BS983 

CTATGATGCAATATAAGTTCTCCTTTAATAACCTTAAATATAC 
ATCGATCCCCGCCGAGCGTTTTCCCCCTCACTATCTTATTTTTTGAATTTTC 
TAAGATAGTGAGGGGGAAAACGCTCGGCGGGGATCGAT 
CTTTTTCAAAATTTTCCCCTCCCTTTATTAACTATTTATCAATTCCTGCAATTCG 
CGAATTGCAGGAATTGATAAATAGTTAATAAAGGGAGGGGAAAATTTTGAAAAAG 
GGTGTTACCCTTGGTGCTTCTATTATCTTTTG 

FNP radD 
inactivation 

BS1000 
BS1001 

GCGGCTGAATTCCTGGAACAGGAATGTATTTAACAGGTAACAGC 
GCGGAGGGATCCCATTAGCTGCTTTATTATATCCAGATTTTGTATAAATACC 

FNP CIC 
 

BS971 
BS969 
BS972 
BS936 
BS937 
BS938 

GCAGAATATGAAGATCTAGTAAAAGAAGAAGAAGC 
TTATTTTATTCCTGCATTATTTAATTCTTCTAATTTTTG 
CGCTCGGCGGGGATCGAT 
TTAACTATTTATCAATTCCTGCAATTCG 
TAAGAGGGGGGGAAAATATGAAAGACT 
AATTGAGATATCAATCCATTATTTCCAGTTAC 

FNP fad-I* 
 

BS1053 
BS1054 

GGAGGGGAAAATTTAATAAAAGATATTACTACTATTATTATC 
CTTTATTTTTCTTCTGTAATATTTTTTAAAGCTTCTTCAACTTG 

FNN Δfad-I 
radD* 
 

BS939 
BS940 
BS941 
BS942 
BS943 
Bs944 

GGCGCTGGTACCACTAATAATTTTATATTTCGAGAGACAAAAGCATT 
ATCGATCCCCGCCGAGCGCAAATTTTTTCCCTCCCTTTATTTTTCT 
AGAAAAATAAAGGGAGGGAAAAAATTTGCGCTCGGCGGGGATCGAT 
ACTTTATTATAGTCTTCATATTTTCCCCCTCTTATTAACTATTTATCAATTCCTGCAATTCG 
CGAATTGCAGGAATTGATAAATAGTTAATAAGAGGGGGAAAATATGAAGACTATAATAAAGT 
GGCCGAGCTCGAGTGGTGTAAAACCTGCTGGTGTAGCA 

qPCR 
 
 
 
 

BS1035  
BS1036 
BS1037 
BS1038 
BS947 
BS948 
BS1066 
BS1067  
BS945 
BS946 

GGCAAGTGATGAAATTATTTCAGAGTTAAAAGG 
GCTTTTAATTCAGCCAGTTTAATATTTTGAGCTG 
ATTATGAAGAATTAGATAAGAAAAAAGAAAAAGAAGC 
CATATTATCTATTTTTTCTTTTGCTTTATCTACTTTATATTTAAG 
TCAAGACTTTTAAAAGAAGCTGATAAGAAAAAAG 
TTATTTCCCCTCTTGTCATTCCTTTATGTG 
GGATTTATCTTTGCTAATTGGGGAAATTATAG 
ACTATTCCATATTCTCCATAATATTTCCCATTAGA 
CAAAAACTCATTGAAAGACTTGATTTTGGA 
GAATGCTAATTCAAATCCTTTTTCTTCCCT 

FNN rapA 
inactivation 

Aup_F 
Aup_R 
Acat_F 
Acat_R 
Adown_F 
Adown_R 

GAGAAAATAAAATTGAAATA 
ATCCCCGCCGAGCGAAATATTCCAATAGATAATAAAACAAATAATGTTAAAATAACTTT 
GTTTTATTATCTATTGGAATATTTCGCTCGGCGGGGATCG 
TTAACTATTTATCAATTCCTGCA 
GGAATTGATAAATAGTTAATGAGGGGGAAAAATGAAAATAAAAGAAAT 
CTTGTCTTTATTTCTGTTCTTAATGGCACTTG 

FNN rapB 
inactivation 

Bup_F 
Bup_R 
Bcat_F 
Bcat_R 
Bdown_F 
Bdown_R 

CTGTTGCTATTGATATTGGTTTCCCAGC 
CGATCCCCGCCGAGCGTTTTCCCCCTCACTATCTTATTTTTTGAATT 
AATTCAAAAAATAAGATAGTGAGGGGGAAAACGCTCGGCGGGGATCG 
CAAATTTTTTCCCTCCCTTTAACTATTTATCAATTCCTGCAATTCGTTTAC 
GAATTGATAAATAGTTAAAGGGAGGGAAAAAATTTGAAAAAAATATTATTAC 
CTGTTTTTTCAATTATTGTTTTTTCAATTACTGC 

FNN fad-I 
inactivation 

Cup_F 
Cup_R 
Ccat_F 
Ccat_R 
Cdown_F 
Cdown_R 

CTAAAAATATACTAATAATTTTATATTTCGAGAGACAAAAGC 
GATCGATCCCCGCCGAGCGATTTTTTCCCTCCCTTTATTTTTCTTCTGTG 
CACAGAAGAAAAATAAAGGGAGGGAAAAAATCGCTCGGCGGGGATCGATC 
CTTTCATATTTTCCCCCTCTTAACTATTTATCAATTCCTGCAATTCGTTTAC 
GAATTGATAAATAGTTAAGAGGGGGAAAATATGAAAGACTATAATAAAGTAGAAA 
GAGATTTGTGAAATCGCTCCTTTATTTCC 

FNN CIC 

CICup_F 
CICup_R 
CICcat_F 
Ccat_R 
Cdown_F 
Cdown_R 

GGCTGAATTAAAAGCAAGCATTGAAGA 
GATCCCCGCCGAGCGTTATTTTATTCCTGCATTATTTAATTCTTCTAATTTTTG 
ATAATGCAGGAATAAAATAACGCTCGGCGGGGATCG 
CTTTCATATTTTCCCCCTCTTAACTATTTATCAATTCCTGCAATTCGTTTAC 
GAATTGATAAATAGTTAAGAGGGGGAAAATATGAAAGACTATAATAAAGTAGAAA 
GAGATTTGTGAAATCGCTCCTTTATTTCC 
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Plasmid  Description    Purpose   Source 

pJET1.2  Blunt Cloning Vector, AmpR  Cloning   Thermo Scientific 
pJP237A pJET1.2 with 23726 radA’ inserted  Gene Inactivation Plasmid This study 
pJP237B pJET1.2 with 23726 radB’ inserted  Gene Inactivation Plasmid This study 
pJP237C pJET1.2 with 23726 radC’ inserted  Gene Inactivation Plasmid This study 
pJP2CIC pJET1.2 with 23726 radC::catP inserted Insertion analysis  This study 

 
 

Bacterial strains  Relevant characteristics     Source 

F. nucleatum 
 ATCC 23726  ssp. nucleatum      ATCC 
 ΔradA  ATCC 23726 ΔradA::pJP237A    This study 
 ΔradB  ATCC 23726 ΔradA::pJP237B    This study 
 ΔradC  ATCC 23726 ΔradA::pJP237C    This study 
 ΔradD  ATCC 23726 inactivated radD    Kaplan et al. (2009) 
 CIC   ATCC 23726 catP inserted after radC   This study 
 ATCC 10953  ssp. polymorphum     ATCC 
 ΔradA  ATCC 10953 ΔradA::p     This study 
 ΔradB  ATCC 10953 ΔradB::p     This study 
 ΔradC  ATCC 10953ΔradC::p     This study 
 ΔradD  ATCC 10953 ΔradD::p     This study 
 radC*  ATCC 10953 radC with mutated translation start site  This study 
 CIC   ATCC 10953 catP inserted after radC   This study 
 
E. coli 
 OneShot TOP10        Thermo Fisher 
 
Other 
 Streptococcus gordonii ATCC 10558      ATCC  

Porphyromonas gingivalis 4612       Lamont et al. (1992) 
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Figure 1.  Schematic representation of gene inactivation mutants and controls (A) 

parental strain, (B) ΔrapA, (C) ΔrapB, (D) FNN Δfad-I, (E) catP insertion control (CIC), 

(F) FNP ΔradD, (G) FNP mutated translation start site, fad-I*, (H) FNN radD frameshift 

mutation in Δfad-I background, Δfad-I radD* 
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Figure 2.  Coaggregation of mutants with partner strains 

Quantitative coaggregation assay ΔrapA, ΔrapB, Δfad-I, and ΔradD (A) in FNN and 

FNP with S. gordonii or (B) FNN with P. gingivalis 
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Figure 3. Transcriptional analysis of radD-operon genes in wild-type FNN and FNP and 

mutant derivatives. Transcriptional levels of (A) rapA, (B) rapB, (C) fad-I, and (D) radD 

are shown for wild-type and mutant derivatives 
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Figure 4. Coaggregation and transcriptional analysis of FNN Δfad-I radD* (A) 

Coaggregation of FNN wild-type and Δfad-I radD* with S. gordonii. (B) radD transcript 

levels in FNN wild-type and Δfad-I radD* 
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Figure 5. Transcriptional analysis of radD levels in the presence of partner strains 

Transcriptional analysis of radD levels in (A) wild-type FNN, (B) FNN Δfad-I, or (C) 

ΔradD, alone or in the presence of partner species 
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Figure 6. Biofilm growth comparison of FNN wild-type, FNN Δfad-I, or FNN ΔradD with 

S. gordonii. Representative biofilm images of FNN and mutant derivatives and 

S.gordonii after 20h as visualized by CSLM. Asterisk indicates statistical significance 

when compared to dual species biofilms of FNN wild-type with S. gordonii. Diamond 

indicates statistical significance when compared to S. gordonii single-species biofilm. 
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Abstract 

The oral cavity is home to a plethora of bacterial species mostly residing in biofilm 

communities, which form as a result of intimate physical contact between bacterial 

species resulting in spatial organization. One prominent member of the oral microbiota 

is Fusobacterium nucleatum, a Gram-negative opportunistic pathogen that is indigenous 

to the human oral cavity. Due to its ability to adhere to a wide range of species present 

in the oral microbial community, F. nucleatum has often been described as a “bridging 

organism” that acts to bring together species that do not otherwise interact with each 

other and thus is important in oral biofilm architecture.1,2 While bacterial adhesins are 

known to mediate physical interaction during coaggregation3,4, not much is known with 

regard to their role in transcriptional regulation. In this study, we provide evidence for 

adhesin-dependent regulation of F. nucleatum when in contact with Streptococcus 

sanguinis, an early oral colonizer and Porphyromonas gingivalis, a late colonizer, using 

RNA-Seq, a powerful tool for transcriptional profiling using deep-sequencing 

technology. F. nucleatum was co-incubated with S. sanguinis or P. gingivalis and RNA-

Seq analysis was performed on extracted RNA. Partner-specific responses were 

observed suggesting F. nucleatum can differentially regulate its genes based on contact 

with neighboring species. Furthermore, we identified a subset of genes that is regulated 

based on the adhesin used for attachment and the interacting partner. F. nucleatum 

appears to have overlapping responses between the different partner species we tested 

however, it is evident that its response is affected by the type of partner species as well 

as adhesin involved.  
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Introduction 

The study of multispecies microbial communities has uncovered ecological niches 

where numerous bacterial species exist and interact functionally. One biofilm 

community of increasing interest has been the human oral microbiota, home to more 

than 700 bacterial species.  Biofilm growth begins with initial surface attachment of early 

colonizers that act as a foundation for colonization by other bacteria, intermediate and 

late colonizers, to develop a microbial community.5 Polymicrobial oral biofilms mature 

as a result of intimate physical contact between bacterial species, allowing for 

communication and adaptation as a community. There have been extensive studies on 

the mechanism of cell-to-cell binding through in vitro coaggregation assays as well as 

growth of dual species biofilms to obtain a snapshot view of the interaction of partner 

species in the process of biofilm maturation.   

 

Given its remarkable ability to attach to both early and late colonizers in the oral biofilm, 

Fusobacterium nucleatum has been commonly referred to as a “bridging organism” 

regarding its central role in developing and supporting oral biofilm architecture. With 

such a critical role in oral biofilms, it is an obvious candidate to examine its capacity 

beyond its structural role. We are interested in determining if and how F. nucleatum 

controls community membership, how it contributes to the overall fitness of the 

community, if it plays a part in responding to environmental challenges, and importantly, 

how it aids in biofilm virulence.  

 

We have found that binding capacity and variability in F. nucleatum might be a result of 
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adhesins specificity depending on the partner species and strain.3,6 Initial studies in F. 

nucleatum contact-dependent gene expression reveal different response patterns to 

specific partner species identifying numerous genes that may be relevant in interspecies 

communication and cooperation.7 Additionally, differential gene expression were 

observed in F. nucleatum when in contact with Streptococcus sanguinis, and found to 

be mediated by the RadD adhesin.8  

 

Studies in other pathogenic bacteria have shown that adhesins can act as bacterial 

mechanosensors to regulate virulence, 9,10 have direct involvement in the induction of 

signaling pathways,11 and play major roles in quorum-sensing for biofilm formation and 

virulence.6,12 The goal of this study is to provide a more in-depth look into contact-

dependent regulation of F. nucleatum, specifically how adhesins play a role in the 

regulation of gene expression. 
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Materials and Methods 

Bacterial Strains and Culture Conditions  

F. nucleatum ssp. nucleatum strain ATCC 23726, and respective mutant derivatives 

described previously6 as well as P. gingivalis strains 461213, T2214, ATCC 3327715 were 

maintained on Columbia agar supplemented with 5% sheep blood or in Columbia broth 

(Difco, Detroit, MI) under anaerobic conditions (10% H2, 10% CO2, 80% N2) at 37°C. All 

media for P. gingivalis were supplemented with hemin at 5  µg ml-1 and menadione at 1 

µg ml-1. S. sanguinis was maintained on Todd Hewitt agar or Todd Hewitt broth (Difco, 

Detroit, MI) under anaerobic conditions (10% H2, 10% CO2, 80% N2) at 37°C.  

 

Co-incubation of F. nucleatum with partner species 

Cell were grown to stationary phase and 1ml of F. nucleatum ATCC 23726 or mutant 

derivative calculated to a concentration of OD600 1 was added to sterile 15ml conical 

tubes with either 1ml (OD600 1) of S. sanguinis or P. gingivalis cells. Control tubes 

contained 1ml (OD600 1) of F. nucleatum ATCC 23726 or mutant derivative alone. Cells 

were centrifuged for 5 min at 4600 x g and supernatant was decanted, and replaced 

with 1ml of CB for F. nucleatum alone tubes, 2ml of CB for tubes with F. nucleatum and 

S. sanguinis, or 2ml of CB supplemented with hemin (5  µg ml-1) and menadione (1 µg 

ml-1) for tubes with F. nucleatum and P. gingivalis. Tubes were centrifuged again for 3 

min followed by anaerobic incubation (10% H2, 10% CO2, 80% N2) at 37°C for 3 hours. 

Cells were collected after incubation, pelleted and stored in - 80°C for at least 24 hours 

prior to RNA extraction. 
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mRNA isolation and sequencing 

Isolation and sequencing was performed using the same protocol from a previously 

published study.16 Briefly, total RNA extraction and purification was performed using the 

mirVana RNA extraction kit (Life Technologies) and the RNA Clean/Concentrator™ kit 

(Zymo Research, Irvine, CA). DNA was removed from the samples by adding 1µl (2U) 

Turbo™ DNAse (Life Technologies) and incubating samples at 37 °C for 30min. After 

DNA removal, 16S rDNA PCR was performed using the same protocol and primers as 

previously described17 to verify that DNA was removed. To remove rRNA in total RNA 

extracts the RiboZero™ Magnetic Kit (Epicenter) was used according to manufacturer’s 

instruction. mRNA was purified by using the Zymo RNA Clean and Concentrator™ kit 

(Zymo Research). RNA concentration and integrity was analyzed before and after rRNA 

removal by using the Agilent RNA 6000 Nano Kit (Agilent Technologies, Inc. Santa 

Clara, CA) and the Agilent RNA 6000 Pico Kit (Agilent Technologies), respectively. 

cDNA library from rRNA-depleted RNA was generated by using random-primed cDNA 

synthesis methods according to the ScriptSeq™ v2 RNA-Seq Library Preparation 

Protocol (Epicenter). Prior to second strand cDNA synthesis the di-tagged cDNA was 

purified using the Agencourt AMPure XP system (Beckman Coulter). Index-reads 

supplied with the ScriptSeq Kit were added to the libraries that were PCR amplified for 

15 cycles. RNA-Seq libraries were purified and quantified by using the Agencourt 

AMPure XP system (Beckman Coulter) and the Agilent DNA 1000 protocol (Agilent 

Technologies), respectively. Sequencing of cDNA libraries was performed by using an 

Illumina HiSeq 2000 platform (100bp paired end reads) which has the capacity of 19GB 

per lane providing high coverage of reads. Sequencing was carried out at the JCVI 
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sequencing facility JTC. cDNA sample concentrations were normalized at JTC prior to 

sequencing. Using each sample’s individual barcodes, the Illumina data was 

deconvolved into the respective samples. After trimming the bar codes, low-quality and 

short sequences (<100bp) were removed by using the CLC Genomics Workbench 

Software (CLCbio, Aahus, Denmark). The following CLC-parameters were applied 

during paired read sequence trimming and quality control: quality score setting: 

NCBI/Sanger or Illumina Pipeline 1.8 and later, minimum distance: 180, maximum 

distance: 250. 

 

Read mapping of raw cDNA reads onto F. nucleatum ATCC 23726 genome 

Read mapping for F. nucleatum 23726 genome was carried out similarly to a protocol 

used in a previously published study.16 Expression values for each mRNA sample were 

generated by BWA mapping43 of both filtered fragment and paired reads onto the well-

annotated reference genome F. nucleatum ATCC 23726. Reads were mapped with the 

default BWA option (96% sequence identity). CLC RNAseq plugin software was used to 

normalize and determine statistical significance of expression. DESeq, which uses a 

model based on the negative binomial distribution with variance and mean linked by 

local regression18 was also employed to validate the expression observed with good 

agreement between the methods. Additional investigations of the transcription start 

sites, co-expressed genes, predicted small RNAs and normalized expression using by 

upper quartile normalization were performed with Rockhopper19 and manual curation.  
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Visualization of global metabolic network analysis 

To create visualization using all data sets, iPath2.0: Interactive Pathway Explorer20 was 

used to generate metabolic and regulatory pathway maps. Clusters of Orthologous 

Groups (COG) numbers were used as input.21  

 

Quantitative (Real-Time) Polymerase Chain Reaction 

Gene specific primers were used to amplify transcript regions for signal detection by 

qPCR on iCycler Thermal Cycler (Bio-Rad, Hercules, CA) in a total volume of 20 µl 

containing 2 µl of 10x iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), 0.5 µM each 

of forward and reverse primers, 7 µl of Millipore water and 1 µl of template. Primer sets 

were designed for each gene of interest in homologous regions of the corresponding 

open reading frames in F. nucleatum ssp. nucleatum ATCC 23726. Amplification and 

detection were carried out in 96-well optical plates (Thermo Fisher Scientific, Waltham, 

MA). Each PCR run was carried out with an initial incubation of 10 min at 95°C followed 

by 40 cycles of denaturing at 95°C for 15 sec; annealing and elongation at 60°C for 1 

min. After the 40 cycles of amplification, an additional denaturing step was performed at 

95°C for 1 min followed by annealing and elongation at 60°C for 1 min. A melting curve 

analysis was completed after each run. The DNA concentrations (ng ml-1) were 

calculated with standard curves obtained by tenfold serial dilutions of bacterial genomic 

DNA. All standards were run in duplicate to generate a standard curve to determine the 

efficiency of each primer set. Three independent qPCR runs were performed with three 

technical replicates for each sample to assess reproducibility and inter-run variability. 
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Following amplification, relative expression levels between samples were calculated as 

fold changes normalized to rpoB reference gene amplification. 
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Results 

Previous studies have shown that F. nucleatum adheres well to S. sanguinis6 and P. 

gingivalis in a specific adhesin-dependent manner and that gene regulation occurs in 

response to the presence of S. sanguinis when they are coincubated.7,8 Our goal was to 

investigate the involvement of adhesins in the transcriptional changes in F. nucleatum in 

response to partner species. To accomplish this, transcriptome analysis was performed 

for F. nucleatum as well as a RadD adhesin deficient F. nucleatum mutant when in 

contact with the gram-positive health-associated S. sanguinis (FnSs and ΔDSs, 

respectively). Furthermore, we evaluated the transcriptional changes of F. nucleatum 

during interaction with different strains of the gram-negative disease-associated P. 

gingivalis (FnPg) that attach via different fusobacterial adhesins.  

 

Expression profile of F. nucleatum with S. sanguinis 

RNAseq analysis of the F. nucleatum transcriptome from the FnSs sample revealed the 

upregulation of 303 genes that were above a two-fold threshold and the downregulation 

of 345 genes below negative two-fold (Figure 1). Together, this represents about 31% of 

the 2067 predicted open reading frames (ORF) in F. nucleatum.22 Pathway mapping of 

regulated genes revealed a number of metabolic and regulatory pathways that were 

differentially transcribed in F. nucleatum upon contact with S. sanguinis (Figures 2 and 

3). A general induction was observed in several pathways involved in the metabolism of 

cofactors and vitamins (ie. thiamine metabolism), nucleotide metabolism (ie. ascorbate 

and aldarate metabolism, puromycin biosynthesis) and carbohydrate metabolism 

pathways including inositol phosphate and pyruvate metabolism in F. nucleatum. 
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Downregulated pathways included metabolism of amino acids, including arginine, 

proline, valine, leucine and isoleucine biosynthesis, and D-glutamine and D-glutamate 

metabolism. Another pathway that was generally repressed was the 

glycolysis/gluconeogenesis pathway. Fatty acid biosynthesis and metabolism pathways 

were also downregulated. We also observed the induction of translation pathways, 

including ribosome and aminoacyl-tRNA biosynthesis and ABC transporter pathways. 

Transcription pathways involving RNA polymerase were also generally induced. 

Membrane transport pathways, namely, the phosphotransferase system (PTS) were 

generally repressed.  

 

Expression profile of F. nucleatum with P. gingivalis 

We also investigated the response of F. nucleatum to three different strains of the gram-

negative periodontopathogen P. gingivalis, since they are known to coaggregate with 

each other and are frequently isolated together from several chronic 

immunoinflammatory diseases of the oral cavity.23–25 RNAseq analysis revealed the 

upregulation of 405 genes (over two-fold) and the downregulation of 424 genes below 

negative two-fold (Figure 1), representing about 40% of the 2067 ORFs in F. nucleatum. 

Regulated genes were mapped on metabolic and regulatory pathways maps and 

revealed regulation of a number of pathways (Figures 4 and 5). In general, lipid 

metabolism (ie. fatty acid metabolism), carbohydrate metabolism (ie. fructose, 

mannose, amino sugar, and nucleotide sugar metabolism), amino acid and energy 

metabolism (ie. alanine, aspartate and glutamate metabolism), and nucleotide 

metabolism (ie. purine, ascorbate and aldarate metabolism) were upregulated pathways 
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in FnPg samples. Carbohydrate metabolism pathways including 

glycolysis/gluconeogenesis and pyruvate metabolism were metabolic pathways that 

were repressed. Similar to the response to S. sanguinis, the F. nucleatum transcriptome 

exhibited a general induction of translation pathways, including ribosome and 

aminoacyl-tRNA biosynthesis and ABC transporter pathways in FnPg. Transcription 

pathways involving RNA polymerase were also generally induced. A specific response 

to P. gingivalis that was not observed in the presence of S. sanguinis was the 

repression of the replication and repair regulatory pathway involving nucleotide excision 

repair. Similar to the F. nucleatum transcriptome of the FnSs sample, we observed the 

repression of the PTS system pathway, which is a membrane transport regulatory 

pathway.  

 

Comparison of F. nucleatum expression profiles associated with response to 

partner species 

Further analyses were conducted to compare the expression profiles of F. nucleatum 

transcriptome in FnSs and FnPg samples to investigate partner-specific gene 

regulation. Transcriptome analyses revealed 251 genes of F. nucleatum that were 

induced over two-fold in response to both S. sanguinis and P. gingivalis, and 247 genes 

that were commonly downregulated negative two-fold in response to the presence of 

both partner species. Opposite regulation was observed for 16 genes that were 

upregulated in response to S. sanguinis but downregulated in the presence of P. 

gingivalis, and vice versa for 22 genes. All genes induced over two-fold in or reduced 

below two-fold in FnSs and FnPg samples were mapped and screened or overlap 
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(Figures 6 - 9). Pathways commonly induced in FnSs and FnPg samples included 

metabolic pathways: nucleotide and carbohydrate metabolism as well as regulatory 

pathways (ie. transcription and translation regulation and membrane transport 

regulation associated with bacterial secretion system pathways). General repression 

was seen in both FnSs and FnPg samples of the glycolysis/gluconeogenesis pathways 

(Figure 6) as well as membrane transport regulation associated with the PTS system 

(Figure 8). Distinct regulation specific to partner strains was also observed when 

comparing all genes induced (Figure 7) and all genes repressed (Figure 9). As an 

example, lipid metabolism pathways responded to the different partners being generally 

induced in FnPg samples and repressed in FnSs samples. Comparison of genes that 

showed opposite regulation between FnSs and FnPg samples included genes encoding 

neutrophil activating protein, phosphoenolpyruvate synthase, phosphoserine 

phosphatase, and a class of ethanolamine utilization proteins, which we comment on in 

the discussion (Figure 10). 

 

Adhesion-mediated gene-expression of F. nucleatum in the presence of partner 

species 

The F. nucleatum interaction with early gram-positive species is known to interact 

through fusobacterial adhesin, RadD.6 We have also shown that F. nucleatum interacts 

with P. gingivalis through RadD, as well as Fap2 and a yet to be identified adhesin in a 

strain-specific manner.3 RNAseq analyses revealed that of the genes that are regulated 

in the ΔDSs sample, 107 genes are regulated in adhesin-dependent manner. Of these 

107 genes, 75% were upregulated over two-fold, and 25% were downregulated by at 
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least two-fold in the absence of the RadD adhesin. Metabolic pathways that were 

induced in an adhesin-dependent manner for ΔDSs samples included nucleotide 

metabolism and biosynthesis of secondary metabolites. Amino acid and energy 

metabolism pathways were generally repressed in ΔDSs samples (Figure 11). 

Interestingly, regulation of transcription pathways included DNA replication, mismatch 

repair and homologous recombination pathways (Figure 12). Membrane transport 

regulatory pathways associated with ABC transporters were shown to be a RadD-

dependent response.  

 

Adhesion-mediated gene regulation was also observed in FnPg samples. Previous 

studies from our group established that F. nucleatum interacts with P. gingivalis strain 

T22 via Fap2 and strain 4612 via both RadD and Fap2 adhesins. We observed gene 

regulation that was specific to each of the individual P. gingivalis strains that were used. 

Specifically, 17 fusobacterial genes were differentially regulated in response to P. 

gingivalis strain 4612. Furthermore, we observed 11 genes that appear to be regulated 

in the presence of P. gingivalis strain T22 that interacts with F. nucleatum via the Fap2 

adhesin. There were 37 genes regulated when interacting with P. gingivalis ATCC 

33277 that is shown to interact with F. nucleatum, albeit through unknown adhesin(s). 

Mapping of the genes revealed induction of nucleotide and lipid metabolism pathways 

(Figure 13). Interestingly, the pyruvate metabolism pathway was seen to be differentially 

regulated depending on the interacting P. gingivalis strain.   

 

qPCR analysis of selected genes that respond to presence of partner species 
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As a means of comparison, genes were selected from transcriptome data for 

confirmation of gene expression via qPCR. A wild-type F. nucleatum sample without a 

partner species served as a comparison to observe relative gene expression in the 

presence of S. sanguinis or P. gingivalis. Though some differences compared to wild-

type gene expression were statistically significant, changes not exceeding two-fold in 

expression levels are unlikely to be biologically relevant. Three F. nucleatum genes 

were chosen that were regulated in the transcriptome data in the presence of S. 

sanguinis only, homologs of FN0649, FN1515, and FN0940 (Figure 14A-C). Three 

additional genes that are regulated in both FnSs and FnPg cocultures were chosen, 

FN1421, FN0791, FN0214 (Figure 14D-F). Survey of transcriptional levels of FN0649 

for each dual-species sample compared to wild-type showed a significant increase in 

fold change for FnSs samples (5.30±0.09) and FnPg samples (1.24±0.13), though 

based on the transcriptome data, FnSs levels of FN0649 were expected to be 

downregulated. No significant differences were observed in transcription of FN1515 

between samples. FN0940 levels showed a consistent pattern with transcriptome data 

with a significant decrease in expression levels in FnSs samples (0.40±0.09 fold 

change) and in FnPg samples (0.87±0.07). Expression levels of FN1421 revealed a 

significant and dramatic increase in FnSs samples (13.88±4.53) and significant increase 

in FnPg sample (2.32±0.51). Transcription levels of FN0791 and FN0214, both 

regulated in the presence of S. sanguinis and P. gingivalis according to transcriptome 

results, only showed significant increase in FnSs samples (1.57±0.1 and 1.38±0.11, 

respectively).
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Discussion 

Bacteria are highly adaptive organisms, with the capability to sense their environment. 

In this study, we report that F. nucleatum is able to distinguish between and respond to 

different partner species and that part of the fusobacterial transcriptional response to 

these partners is mediated by adhesins. Studies in other bacteria have shown that 

adhesins can have functional roles beyond attachment. A study in Vibrio 

parahaemolyticus describes an adhesin that also acts as an extracellular effector of 

host signaling.26 A study in Campylobacter jejuni reports on a protein that has the dual 

role of an adhesin and solute-binding protein.27 Furthermore, studies in other 

pathogenic bacteria have shown that adhesins can act as bacterial mechanosensors to 

regulate transcriptional changes promoting virulence,9,10 are directly involved in the 

induction of signaling pathways,11 and play major roles in quorum-sensing for biofilm 

formation and virulence.12,28  

 

From our study, we were able to determine that F. nucleatum responds to the presence 

of partner species on a global transcriptional level. We report that some genes are 

regulated irrespective of the type of partner species but also observe partner-specific 

responses. As an example, when F. nucleatum interacts with P. gingivalis, we observe 

induction of genes involved in butanoate metabolism. Butanoate, also referred to as 

butyrate, is considered a virulence factor produced by bacteria, including F. 

nucleatum.29,30 Butyrate production by F. nucleatum has been confirmed in samples 

from patients with chronic periodontitis when comparing transcriptome profiles of the 

samples with those from healthy subjects.31 Our observation of butyrate stimulation in 
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the presence of P. gingivalis could be a possible factor to explain how P. gingivalis 

manipulates the oral commensal community into behaving pathogenically. Furthermore, 

opposite regulation was observed between FnSs and FnPg samples of genes encoding 

neutrophil activating protein (NAP) and phosphoenolpyruvate synthase (PEP synthase), 

which were both induced in FnSs samples and repressed in FnPg samples. Neutrophil 

activating protein has been previously described in Helicobacter pylori to stimulate high 

production of oxygen radicals and adhesion to endothelial cells, promoting the gastric 

inflammatory response.32 Opposite regulation of the gene encoding NAP in FnSs 

(induced) and FnPg (repressed) might indicate a modulation of the host immune 

response to maintain health, associated with S. sanguinis33 or progression to disease, 

associated with P. gingivalis, which is known to manipulate the host-immune 

response.34,35 This indicates that in addition to interacting directly with the host, P. 

gingivalis may manipulate partner species into altering immune-associated interactions 

with the host. The gene encoding PEP synthase was found to also be upregulated in 

FnSs samples while downregulated in FnPg samples. The enzyme is functionally 

characterized to catalyze the phosphorylation of pyruvate to PEP with the hydrolysis of 

ATP to AMP, processes which are essential for cell growth.36,37  

 

Mixed responses in our study imply both synergistic and competitive interactions 

between F. nucleatum and interacting partner species. Opposite regulation was also 

observed in genes encoding phosphoserine phosphatase and a class of ethanolamine 

utilizing proteins in FnSs (repressed) and FnPg (induced). A 2010 report found that P. 

gingivalis phosphoserine phosphatase (SerB) plays a critical role in pathogenesis, 
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mediating internalization and survival of P. gingivalis in epithelial cells.38 Ethanolamine 

utilization proteins are involved in the bacterial process of converting ethanolamine as a 

source of carbon and nitrogen for successful host colonization.39,40 Upregulation of 

these genes in F. nucleatum in response to contact with P. gingivalis may further 

support synergistic growth enhancement of the two species that have been previously 

described.2,41  

 

Induction of translation regulation pathways for both FnSs and FnPg samples may 

reflect a response to changes in nutrient availability with the introduction of microbes 

found in the same ecological niche or that F. nucleatum has developed a programmed 

response to the presence of other organisms realizing the potential for nutrient 

exchange. Alternatively, the downregulation of the glycolysis/gluconeogenesis pathways 

in the presence of both partner species may be a way for F. nucleatum to reduce 

energy consumption. This may be due to the sensing of amino acid deprivation or 

conversely, that amino acids may have become available and do not need to be 

synthesized due to biosynthesis by P. gingivalis. A previous study has shown that P. 

gingivalis and Treponema denticola exhibit metabolic symbiosis in in vitro growth, with 

P. gingivalis acting as a source of free glycine to T. denticola in return for a breakdown 

of glycine by T. denticola into acetate and lactate.42 These concept are supported by 

proteomic studies on P. gingivalis and Streptococcus gordonii, which indicated 

increased translation in mixed communities compared to monocultures43,44 and 

decreased glycolysis/gluconeogenesis proteins of F. nucleatum in mixed cultures.45 The 

phosphotransferase system of bacteria is used to transport resources into the cell and 
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assures optimum utilization of the resources in changing environments.46 A general 

repression of genes involved in this system in our studies might be a response by F. 

nucleatum to potential competitors and the need to conserve energy and resources.  

 

Analysis by qPCR revealed varying transcriptional profiles of genes examined with only 

one out of the six genes profiled matching the pattern seen in transcriptome analyses. 

Another concern is the housekeeping gene we chose to normalize levels to, rpoB, 

seems to also be regulated in the presence of partner strains. Further studies are 

warranted to establish an accurate method to observe gene expression in F. nucleatum 

grown in monocultures or with other species and we are currently in the process of 

evaluating other genes such as the gene encoding for 16S ribosomal RNA for 

normalization. 

 

Investigation of F. nucleatum adhesins in the regulation of genes revealed their 

involvement in the process. Mapping of pathways show pathways that are a dependent 

on the mediating adhesin and interacting partner, as an example, when F. nucleatum 

interacts via RadD with S. sanguinis, we observe induction of transcriptional pathways 

for DNA replication, mismatch repair, and homologous recombination, not observed in 

the FnPg interaction, but also a differential response to specific strains of P. gingivalis in 

repressing or inducing the pyruvate metabolism pathway (P. gingivalis 4612 and T22, 

respectively).   
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Adhesin-dependent signaling has been described in a study where investigators report 

regulation of a key signaling pathway is dependent on the interaction between P. 

gingivalis Mfa and S. gordonii SspA/B adhesins11. We report here that F. nucleatum is 

able to differentially respond to partner bacteria and transcriptional changes can be 

adhesin-dependent.  Further studies are warranted to elucidate the mechanisms behind 

adhesin-dependent regulation. RadD should be given special consideration in future 

studies as it is the best characterized fusobacterial adhesin and our studies show that it 

is involved in interaction with both gram-positive and gram-negative species. The 

extremely complex mechanisms of gene regulation reflect the importance of 

environmental sensing by bacteria for survival of the bacterium in different 

environments. F. nucleatum is a prime candidate for adhesin-dependent gene 

expression studies given the abundance of interacting partners and its implication in 

numerous diseases. 
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Figure 1. Diagram of the number of F. nucleatum genes regulated in the presence of S. 

sanguinis (pink) and P. gingivalis (blue). Genes commonly induced or repressed by S. 

sanguinis and P. gingivalis can be seen in the overlapping region. 

 

+ S. sanguinis: 648 genes 
303 induced, 345 repressed  

+ P. gingivalis: 829 genes 
405 induced, 424 repressed  

150 genes: 
52 induced 

98 repressed 

498 genes: 
251 induced 

247 repressed 

331 genes: 
154 induced 

177 repressed 
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Figure 2.  F. nucleatum metabolic pathway map of all genes regulated in the presence of S. sanguinis including induced 
pathways (green), repressed pathways (red) and pathways containing genes that are both induced and repressed (blue).
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Figure 3. F. nucleatum regulatory pathway map of all genes regulated in the presence of S. sanguinis including induced 
pathways (green), repressed pathways (red) and pathways containing genes that are both induced and repressed (blue). 
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Figure 4. F. nucleatum metabolic pathway map of all genes regulated in the presence of P. gingivalis including induced 
pathways (green), repressed pathways (red) and pathways containing genes that are both induced and repressed (blue). 
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Figure 5. F. nucleatum regulatory pathway map of all genes regulated in the presence of P. gingivalis including induced 
pathways (green), repressed pathways (red) and pathways containing genes that are both induced and repressed (blue). 
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Figure 6. F. nucleatum metabolic pathway map of all induced genes regulated in the presence of S. sanguinis (pink), P. 
gingivalis (purple), or both (teal).  
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Figure 7. F. nucleatum regulatory pathway map of all induced genes regulated in the presence of S. sanguinis (pink), P. 
gingivalis (purple), or both (teal). 
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Figure 8. F. nucleatum metabolic pathway map of all repressed genes regulated in the presence of S. sanguinis (orange), 
P. gingivalis (red), or both (teal). 
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Figure 9. F. nucleatum regulatory pathway map of all repressed genes regulated in the presence of S. sanguinis 
(orange), P. gingivalis (red), or both (teal). 
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Figure 10. F. nucleatum metabolic pathway map of genes regulated oppositely;  repressed in S. sanguinis and induced in 
P. gingivalis (purple), induced in S. sanguinis and repressed in P. gingivalis (pink). 
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Figure 11. F. nucleatum metabolic pathway map of genes induced (teal) or repressed (pink) in the presence of S. 
sanguinis in a RadD-dependent manner. 
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Figure 12. F. nucleatum regulatory pathway map of genes induced (teal) or repressed (pink) in the presence of S. 
sanguinis in a RadD-dependent manner. 



	  

	  
97 

 
Figure 13. F. nucleatum metabolic pathway map of gene regulation in P. gingivalis ATCC 33277 which interacts with F. 
nucleatum via unknown adhesin(s) and gene regulation in the presence of P. gingivalis 4612 (RadD/Fap2) or T22 (Fap2) 
which interact via identified adhesins (red). 
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Figure 14. Gene expression comparison of selected genes relative to wild-type F. nucleatum alone in FnSs or FnPg. (A) 
Gene expression of homolog of FN0649. (B) Gene expression of homolog of FN0214, (C) Gene expression of homolog of 
FN0940, (D) Gene expression of homolog of FN0085, (E) Gene expression of homolog of FN0791, and (F) Gene 
expression of homolog of FN0272. Data represent the means and standard deviation of at least three independent 
experiments. 
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F. nucleatum remains a prime organism for exhaustive investigation due to its 

involvement in periodontal health and disease86 and implication in a number of invasive 

human infections.87,88 The overarching hypothesis that inspired our studies is that the 

adhesins mediating the expansive ability of F. nucleatum to attach to other organisms44 

is key to understanding its role in influencing human health and disease. In this work, 

we describe the identification and characterization of fusobacterial adhesins involved in 

interspecies interactions and their role beyond a function as cellular appendices 

mediating physical binding. 

 

We were successful at identifying a fusobacterial large outer membrane protein, Fap2, 

as an adhesin involved in attachment to P. gingivalis strains. Investigation of this 

adhesin resulted in its characterization as galactose inhibitable. We also determined a 

novel role for the major fusobacterial adhesin, RadD, shown previously to mediate 

attachment to streptococci.15 Arginine-inhibitable RadD was shown in our studies to be 

involved in binding to P. gingivalis in a species-specific manner. One or more adhesins 

involved in the attachment of F. nucleatum to P. gingivalis ATCC 33277 remain to be 

identified. 

 

Observing RadD involvement in interspecies interactions and knowing that bacterial 

genes in the same operon are often functionally related led us to investigate the operon 

encoding RadD. Deletion of the genes in the operon resulted in the discovery of FAD-I 

as a factor influencing the regulation of radD transcription. Phenotypic and 

transcriptional surveys of the mutant lacking fad-I resulted in the interesting finding that 
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there is enhanced binding leading to taller biofilms in the absence of FAD-I 

corresponding with increased transcription of radD, allowing us to conclude that FAD-I 

acts as a transcriptional repressor of radD. Regulation of radD was further observed to 

be contact-dependent with early oral colonizer, S. gordonii but not P. gingivalis, 

suggesting partner-specific regulation of F. nucleatum. 

 

Previous evidence support coaggregation as a highly specific interaction mediated 

through bacterial adhesins.7,46,89 Our studies show that interaction specificity also 

influences global transcriptional changes in F. nucleatum. Partner-specific 

transcriptional responses were observed when we surveyed the fusobacterial 

transcriptome, suggesting contact-dependent regulation in F. nucleatum that can be 

distinguished by the type of interacting partner and possible the adhesin involved in the 

interaction.  

 

In conclusion, we have provided evidence for the important role of fusobacterial 

adhesins in interspecies interactions. There exist adhesins that have yet to be identified 

and further investigation of F. nucleatum are needed on all levels to help us better 

understand this organism. 
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