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A B S T R A C T   

Fusobacterium necrophorum causes a range of mild to life threatening infections and there is uncertainty in terms 
of diagnosis and treatment due to the lack of knowledge on their pathogenic mechanisms. This study charac-
terised genomes of F. necrophorum to compare their virulence factors and investigate potential infection markers. 
27 isolates of F. necrophorum from patients with pharyngotonsillitis were subjected to whole genome sequencing 
and compared with 42 genomes published in the NCBI database. Phylogenomics, pangemome, pan-GWAS and 
virulome were analysed to study strain variations with reference to virulence factors. Core genome based phy-
logenomic tree exhibited three clades of which Clade A belonged to F. necrophorum subsp necrophorum, clades B 
and C were F. necrophorum subsp funduliforme. Pan-GWAS and Pan-Virulome suggest some marker genes asso-
ciated with clinical sources of isolation that needs further validation. Our study highlights some interesting 
features of the pathogenesis of F. necrophorum infections. Although the animal isolate genomes had some marker 
genes, the genomes of human isolates did not exhibit clear correlation to their clinical sources of isolation. This 
prompts to think of other mechanisms such as co-infections or host factors that can be involved in the 
pathogenesis.   

1. Introduction 

Fusobacterium necrophorum has been described prior to the antibiotic 
era, >140 years ago both in animals and humans until it gained prom-
inence in the 1930s causing fatal infections in humans - Lemierre’s 
syndrome (Brazier 2006). The obligate, non-sporing anaerobic gram 
negative pleomorphic bacteria is divided into two subspecies namely, F. 
necrophorum subsp necrophorum predominantly seen in animals and F. 
necrophorum subsp funduliforme in humans, although some animal in-
fections have also been reported with the latter subspecies (Tan et al., 
1996). Necrotic lesions such as foot rot leading to lameness and fatal 
liver abscesses are common entities seen in cattle associated with 
F. necrophorum (Van Metre et al., 2017 & Aguiar Veloso et al., 2020). 
Whilst in humans F. necrophorum is observed in a range of conditions 
from asymptomatic carriage to upper respiratory infections (pharyn-
gitis, tonsillar abscesses, otitis media, sinusitis) to invasive life 

threatening Lemierre’s disease characterised by septic thrombophlebitis 
of the internal jugular vein and distant metastatic emboli which 
generally needs aggressive therapeutic interventions (Atkinson et al., 
2018 & Lee et al., 2020). Besides, recent studies have shown that there is 
an association of F. necrophorum with colorectal cancers where there is 
dearth of knowledge on this area, unlike the well-established evidence of 
F. nucleatum and colon cancers (King et al., 2020 & Datorre et al., 2020). 
Furthermore, most of these infections are seen in young adults between 
the age of 15 and 30 querying whether it’s the host or the pathogen 
associated factors that contribute to the disease (Ramirez et al., 2003 & 
Kristensen et al., 2008). With their zoonotic, invasive, and oncogenic 
potential on one hand, asymptomatic carriage /colonisation and mild 
infections on the other hand, probing into the pathogenesis of these 
infections becomes pivotal to formulate clinical guidelines. Studies have 
highlighted a multifactorial pathogenesis that involve predisposing 
factors like mucosal trauma, viral or bacterial infections, transient 
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infection related immunosuppression of the upper respiratory tract; all 
influence the invasive pipeline through hematogenous, connective tis-
sue invasion or lymphatic spread to distant areas dictated by the host 
response, pathogenic and environmental factors (Osowicki et al., 2017). 
Nevertheless, the preponderance of. 

F. necrophorum infections in otherwise healthy young population has 
driven research interests towards the pathogen than the host response. 
Several virulence factors have been reported from F. necrophorum that 
would possibly contribute to pathogenesis including leukotoxin, lipo-
polysaccharide, hemolysin, hemagglutinin, capsule, adhesins, platelet 
aggregation factor, dermonecrotic toxin and several extracellular en-
zymes such as proteases and deoxyribonucleases (Pillai et al., 2019). 
Additionally, the virulence mechanisms of fusobacteria involved in 
tumorigenesis is another area of interest among the researchers (Har-
randah et al., 2021). Since these findings are in small subsets of clinical 
strains, clear guidelines for therapeutic interventions are not in place 
when these organisms are isolated in culture. 

Interestingly, recent studies have alluded the higher incidence of 
F. necrophorum in pharyngotonsillitis (higher than Groups A Strepto-
coccus) attributing to the antibiotic stewardship in upper respiratory 
infections (Lee et al., 2020). However, invasive forms like Lemierre’s 
disease are only seen in 1 in 400 cases of these upper respiratory in-
fections which makes it even more complicated to understand the 
virulence mechanisms, eventually going low key on treating these mild 
cases (Centor, 2009). Therefore, there is a general view among the 
fusobacterial researchers that F. necrophorum is under-diagnosed in the 
clinical laboratories or even if they are diagnosed at an early stage with 
milder symptoms, reluctance in treatment due to various issues such as 
antibiotic stewardship and lack of specific guidelines all lead to severe 
invasive cases that are presented at late stages often leading to signifi-
cant morbidity / mortality (Osowicki et al., 2017 & Harrandah et al., 
2021). To date there are no tests available to identify these invasive 
forms for an early diagnosis either. One of the prime ways forward is to 
study the strain variations from a variety of sources / clinical syndromes 
that can give pointers to study the pathogenesis. With the advent of next 
generation sequencing, whole genome sequence analysis can unveil 
several unanswered questions pertaining to F. necrophorum infections. In 
this study, we have analysed genomes of F. necrophorum isolated from 
patients with pharyngotonsilitis and compared them with the genomes 
from various sources published in the NCBI database. With special 
reference to their virulome (virulence associated genes of the genome) 
and source of isolation, comparative genome sequence analysis was 
carried out to decipher insights into F. necrophorum pathogenesis. 

2. Methods 

2.1. F.necrophorum isolates and genome sequencing 

28F.necrophorum isolates were collected from Bronglais General 
Hospital, Aberystwyth - Public Health Wales NHS trust. These were 
isolated from throat swab cultures of patients with pharyngotonsillitis. 
Throat swabs were inoculated onto Fastidious Anaerobe Agar with 7 % 
Defibrinated Horse Blood, Vancomycin (6 mg/L) & Nalidixic Acid (10 
mg/L) (EO labs), incubated anaerobically for 7 days at 37 ◦C. Suspected 
colonies were then identified by Matrix-Assisted Laser Desorption Ion-
ization–Time of Flight Mass Spectrometer MALDI TOF (Bruker Dal-
tonics). The isolates were then grown on Fastidious anaerobic agar with 
7.5 % neomycin (Oxoid) for purity. Whole genome sequencing of the 28 
isolates was carried out at MicrobesNG (University of Birmingham, UK) 
using the Illumina Hiseq 2500 platform to generate 2 × 250 bp paired- 
end reads. The reads were then assembled by the de novo method using 
Spades 3.7 (Bankevich et al., 2012) and identified by the closest refer-
ence genome using Kraken (Wood et al., 2014). The draft genomes were 
annotated using prokka 1.14 (Seemann, 2014). The genomes sequenced 
in this study are available in the NCBI database under the accession 
numbers JAMGSR000000000 (BRON_32), JAMGSS000000000 

(BRON_30), JAMGST000000000 (BRON_29), JAMGSU000000000 
(BRON_28), JAMGSV000000000 (BRON_27) JAMGSW000000000 
(BRON_25), JAMGSX000000000 (BRON_23), JAMGSY000000000 
(BRON_22), JAMGSZ000000000 (BRON_20), JAMGTA000000000 
(BRON_19), JAMGTB000000000 (BRON_18), JAMGTC000000000 
(BRON_17), JAMGTD000000000 (BRON_15), JAMGTE000000000 
(BRON_14), JAMGTF000000000 (BRON_13), JAMGTG000000000 
(BRON_12), JAMGTH000000000 (BRON_11), JAMGTI000000000 
(BRON_10), JAMGTJ000000000 (BRON_9), JAMGTK000000000 
(BRON_8), JAMGTL000000000 (BRON_7), JAMGTM000000000 
(BRON_6), JAMGTN000000000 (BRON_5), JAMGTO000000000 
(BRON_4), JAMGTP000000000 (BRON_3), JAMGTQ000000000 
(BRON_2), JAMGTR000000000 (BRON_1). Table.1 lists the genomes 
sequenced in this study and their general features. Additionally, 41 
genomes of good quality downloaded from the NCBI database were 
included for comparative analysis. 

2.2. Phylogenomics 

Phylogenetic relationships were studied using two methods. Firstly, 
a maximum likelihood tree was constructed using AMPHORA2 (Kere-
pesi et al., 2014) based on 31 concatenated and aligned marker genes 
using a Jones-Taylor-Thornton model on MEGA 11 (Tamura et al., 
2021). Secondly, a core genome tree was constructed aligning the core 
genome sequences generated by Roary v3.11.2 (Page et al., 2015) and a 
maximum likelihood tree was generated using FastTree (Price et al., 
2009) the trees were visualised in iTOLv.6 (Letunic et al., 2019) An all- 
vs-all Average nucleotide identity (ANI) matrix were constructed 
showing the ANI percentages using the ANI genome-based distance 
matrix calculator (Rodriguez et al., 2014). 

2.3. Pangenomics and pan-GWAS (Genome wide association Studies) 

Prokka generated.gff files were analyzed using Roary v3.11.2 (Page 
et al., 2015) to infer the pangenome. A default 95 % BLASTP cut-off 
identity using the option, not to split clusters containing paralogs was 

Table 1 
General features of the 28 Fusobacterium necrophorum draft genomes from the 
throat swab cultures.  

Genome Contigs Size (bp) GC 
(%) 

N50 L50 Mean 
Coverage 

BRON01 55 2,130,909  35.23 90,529 9 151 
BRON02 29 2,251,112  35.19 178,236 4 112 
BRON03 89 2,419,556  35.06 64,495 11 81 
BRON04 28 2,159,106  34.95 179,008 5 172 
BRON05 41 2,169,422  34.94 123,266 7 102 
BRON06 17 2,078,064  35.02 291,065 3 106 
BRON07 28 2,012,054  35.24 160,469 5 146 
BRON08 56 2,424,483  35.04 107,137 8 83 
BRON09 52 2,093,374  35.1 79,460 9 169 
BRON10 219 2,059,005  35.31 17,908 32 110 
BRON11 58 2,080,999  35.28 82,379 9 161 
BRON12 21 2,071,894  35.16 509,774 2 190 
BRON13 22 2,033,063  35.17 267,979 3 102 
BRON14 23 2,218,884  35.01 168,942 4 103 
BRON15 40 2,096,974  35.08 101,714 7 94 
BRON17 37 2,232,429  34.63 123,236 6 54 
BRON18 75 2,003,078  35.25 50,353 14 101 
BRON19 604 1,829,900  35.93 4768 118 13 
BRON20 39 2,210,140  35.04 104,451 8 138 
BRON22 33 2,218,462  35.02 152,278 6 141 
BRON23 21 2,067,716  35.14 154,681 4 174 
BRON25 34 2,175,928  35.14 141,301 7 131 
BRON26 41 2,209,812  35.21 127,500 5 161 
BRON27 41 2,141,979  35.04 128,129 6 125 
BRON28 24 2,178,569  34.88 179,778 4 137 
BRON29 22 2,221,153  35.01 242,630 3 115 
BRON30 79 2,300,592  34.89 55,009 13 267 
BRON32 17 2,106,429  35.37 403,599 2 112  
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set to obtain the core and accessory genomes. Recommended R scripts 
were used to visualise the Roary output graphs. Pangenome deduced 
from Roary outputs were linked with the sources of strains as pheno-
types using Scoary v1.6.16 (Brynildsrud et al., 2016). The genomes were 
categorised into four predefined traits such as isolates from human 
sources including throat infections, Lemierre’s disease, gastrointestinal 
tract, and animal sources. Candidate genes of the accessory genome 
were scored sequentially associating them to the phenotypic groups. 
Genes in each group were associated with those of the other three groups 
setting up a p-value of < 0.05, sensitivity of 75 % and specificity 100 %, 
so that unique /marker genes are those seen in > 75 % of genomes of 
that group and but virtually absent in all the genomes of the other 

groups. 

2.4. Virulome 

Virulence associated genes from the 69 genomes were deduced using 
the MP3, a stand-alone tool that uses the integrated Support Vector 
Machine (SVM) and Hidden Markov Model [HMM] approach (Gupta 
et al., 2014). Those genes predicted by both models were used to make a 
matrix and a hierarchical cluster tree was made using R scripts (Everitt, 
1979). Two type species genomes of F.nucleatum (F.nucleatum subsp 
nucleatum and F.nucleatum subsp polymorphum) were also screened for 
virulence factors to compare with F.necrophorum. Virulence genes were 

Fig. 1. Phylogenomic tree displaying their relationships based on the core genes.  
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also screened annotating the genomes using RAST (Aziz et al., 2014). 
SPINE and AGEnt (Ozer et al., 2014) tools were used to identify the core 
and accessory genome sequences respectively; individual accessory 
genome sequences were then clustered using ClustAGE (Ozer, 2018). 
The core and the accessory genome sequences were annotated for 
virulence genes using MP3 and RAST to decipher the origin of the genes. 

3. Results 

3.1. Phylogenomics exhibits minimal correlation to source of isolation. 

Core genome based phylogenetic tree shows 3 major clades, clade C 
the largest with 44 genomes, clade B and clade A with 16 genomes and 8 
genomes respectively (Fig. 1). F.necrophorum KG35 was out grouped and 
looking at the average nucleotide identity(ANI), this strain had 95 or 96 
% similarity to other genomes, whereas the ANI among all the other 
strains were 97 % or above. This suggests that F.necrophorum KG35 
isolated from uterine disease of a dairy cow (Francis et al., 2019) may be 
a novel subspecies which needs further characterisation. Eight genomes 
of Clade A are exclusively of animal origin where their ANI show that all 
of them belong to F. necrophorum subspecies necrophorum. However, 
Clades B and C have genomes of F. necrophorum subspecies funduliforme 
from all the four groups of sources (humans and animal origins). The 
genomes of our isolates (BRON 1–32) from throat cultures were segre-
gated across both clades B and C implying that all our strains are 
F. necrophorum subspecies funduliforme. Amphora2 derived tree based on 
the 31 conserved genes also showed similar features to that of the core 
genome tree except that, strains F. necrophorum B35 and F. necrophorum 
1_1 of clade B were in a separate subclade [S1]. 

3.2. Pangenome and Pan-GWAS display marker genes within source 
groups 

Pangenome analysis identified 7429 pangenes containing 816 (11 %) 
core genes and 4887 (66 %) singletons, whilst the rest were soft core and 
shell genes suggesting the possibility of extensive recombination events 
occurring within the genomes resulting in an open pangenome (Fig. 2). 
Pan-GWAS (Genome wides association studies) analysis of the four 
groups of genomes based on their isolation sites showed marker genes in 
the animal origin genomes which were not present in those of human 
origins and vice versa (Table 2). Applying a > 75 % sensitivity and 100 
% specificity we identified 3 marker genes, a hypothetical protein, 

Inosine-5′-monophosphate dehydrogenase and Chaperone protein DnaK 
exclusively present in at least 10 of the 13 genomes from animal origins. 
These 10 genomes had both subspecies therefore can’t relate it phylo-
genetically. On the other hand, 9 genes were completely absent in ge-
nomes of animal origin but present in > 75 % of the human genomes. 
There were two hypothetical proteins (group_3595 and. 

group_988 mnmA_2) present in 5 out 6 genomes isolated from GI 
tract and absent in > 75 % of the other genomes [S2]. There were no 
exclusive / marker genes present in blood or throat isolates, suggesting 
that the strains can cause a variety of infections which is rather 
dependent on other factors than just the pathogen. 

3.3. Virulome of Fusobacterium necrophorum possess a wide range of 
pathogenicity factors 

Fusobacterium necrophorum genomes harbour a variety virulence 
associated genes that could contribute to their pathogenesis. There was a 
total of 62 types of virulence factors analysed by the MP3 tool and 
average of 55 virulence associated genes across the 69 genomes 

Fig. 2. Pangenome of F.necrophorum from various clinical sources exhibiting a open pangenome.  

Table 2 
Pan-GWAS shows marker genes that are exclusive to genomes of animal and 
human isolates.  

Gene Annotation Positive in 
Animal 
isolate 
genomes 

Positive in 
Human 
isolate 
genomes 

group_3415 hypothetical protein 11 0 
guaB Inosine-5′-monophosphate 

dehydrogenase 
10 0 

dnaK Chaperone protein DnaK 10 0 
glgB 1,4-alpha-glucan branching 

enzyme GlgB 
0 42 

group_2797 hypothetical protein 0 42 
natA ABC transporter ATP-binding 

protein NatA 
0 42 

lacC Tagatose-6-phosphate kinase 0 42 
gbuB Glycine betaine/carnitine 

transport permease protein 
GbuB 

0 41 

group_2799 hypothetical protein 0 41 
group_3062 hypothetical protein 0 41 
fhaC_1 Filamentous hemagglutinin 

transporter protein FhaC 
0 41 

group_3670 hypothetical protein 0 41  
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analysed. 16SrRNA endonuclease CdiA, a colicin like protein was seen in 
ATCC 25,286 and HUN048 strains which are of animal origin but not in 
other genomes, but Toxin CdiA was only seen in ATCC 25,286 strain. 
47kDA outer membrane was only seen in two throat strains (BRON-6 
and BRON-13) and a blood strain (LS-1266) but absent in others. But 
interestingly the outer membrane protein P1 is absent in these three 
strains but present in all other strains. A variety of genes encoding 
adhesion proteins and adhesion transporter proteins such as Ata, BtaE, 
EhaG, SadA, UpaG were seen among most genomes. Apart from these, 
several other genes encoding proteins that may involve in adhesion 
which is prime factor in pathogenesis were also seen. Genes such as 
Filamentous hemagglutinin, Filamentous hemagglutinin transporter 
protein FhaC, Heme/hemopexin transporter protein HuxB, Heme- 
binding protein A, and Hemolysin transporter protein ShlB that might 
have a possible involvement in haemagglutination and haemolysis were 
seen across most of the genomes. Hypothetical proteins encoding genes 
were the highest number with an average of 16 per genes genome. The 
significance of these hypothetical proteins needs to be elucidated. Type 
II and IV secretion system genes were seen in varying copy numbers. 
Strain KG 35 which is a possible novel subspecies, lacked Oligopeptide- 
binding protein AppA and Lipopolysaccharide assembly protein B that 
was present in all other genomes, while possessed UDP-3-O-(3- 
hydroxymyristoyl)glucosamine N-acyltransferase gene, that is 
completely absent in all the other genomes. The significance of this is 
not known. Hierarchical clustering dendrogram, based on the virulence 
factors and their copy numbers showed most animal genomes are clus-
tered together while the human genomes from different sources were 

spread across the tree (Fig. 3). Looking at the virulence factors of F. 
nucleatum, a closely related bacteria to F.necrophorum, a largely different 
set of virulence factors was noted. Some adhesion and transporter genes 
are similar between the two species but a lot of unique genes such as 
TonB dependent receptor, TolC family protein, VWA domain-containing 
protein, etc., possibly associated with virulence mechanisms are seen in 
F.nucleatum (S2). 

3.4. Pan-virulome shows that most virulence genes could be horizontally 
acquired 

Looking at the pan-virulome, the core genome of the individual 
groups from the four clinical sources of isolation had a few marker genes 
that may contribute to pathogenesis. These were exclusive genes that 
were not present in the accessory genomes of the other groups (Table 3). 
ADP-ribose pyrophosphatase and glyoxylase family protein (Lactoyl-
glutathione lyase) that are exclusively seen in throat isolates and not in 
any other groups might have a role in pathogenesis of upper respiratory 
infections. Candidate type III effector Hop protein is an exclusive gene 
seen in blood isolates, possibly indicating their presence in invasive 
infections. There are several proteins exclusive to animal source ge-
nomes for which the exact role in virulence is not known. GI isolate 
genomes have genes such as Putative membrane protein and predicted 
DNA-binding proteins that are not seen in other groups, whether these 
proteins predispose their role in colorectal cancers is unclear. The 
heatmap (S1) comparing the phylogenetic tree with the met data 
comprising the source of isolation and the virulence factors shows little 

Fig. 3. Cluster dendrogram based on the presence of virulence factors across the F.necrophorum genomes.  
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correlation between the source of isolation and virulence factors or 
phylogenetic tree. 

4. Discussion 

The ambiguous understanding on the pathogenesis of F.necrophorum 
infections is largely attributed to the range of infections they cause. 
Studies have shown that F.necrophorum is seen with a similar ratio to 
that of Group A Streptococci (GAS) in healthy individuals but only being 
the second to GAS causing pharyngotonsilits, that has discouraged cli-
nicians to treat such cases in the absence of GAS (Agerhäl et al., 2021 & 
Holm et al., 2016). However, looking at the invasive complications such 
as tonsillar abscess and Lemierre’s syndrome that F.necrophorum cause, 
particularly in young and adolescents between 15 and 40 years, it puts in 
a clinical conundrum whether to treat or not. The answer to such 
dilemma is pertinently dependant on studying their pathogenesis; with 
the advent of genome sequence-based studies being possible more than 
ever, our study highlights some features of their virulence. 

Although F. necrophorum subspp necrophorum causes animal associ-
ated infections and that the F. necrophorum subspp funduliforme in 
humans, there are reports of the two subspecies causing infections the 
other way around as well (Radovanovic et al., 2020) This queries their 
zoonotic potential for which there is lack of knowledge on this aspect. 
Within the human infections, since F. necrophorum cause non-invasive 
and invasive infections, to study the pathogenesis we grouped the ge-
nomes based on their sources of isolation (throat, gastrointestinal and 
blood isolates). Looking at the phylogenomic trees based on conserved 
genes (Core genome tree and the Amphora 2 tree), there is very little 
corelation of the clinical sources of isolation to the phylogenetics. Of the 
13 genomes from animal sources, eight of them were in a separate clade 
and looking at their ANI they all belonged to the subspecies 
F. necrophorum subspp necrophorum. Even within the eight of them, they 
are from deer and cattle sources. The remaining five of them were 
distributed between clades B and C along with the human isolates. 
Again, their ANI shows that they all belong to F. necrophorum subspp 
funduliforme. Similarly, with the genomes of the human sources they did 
not cluster according to the clinical sources. This gives the notion that 

the genes associated with pathogenesis may not be in the conserved 
regions of the genome or that the virulence genes are could have been 
acquired via mobile genetic elements. 

Association of F. necrophorum with phayngotonsilitis has been well 
established through decades and several meta-analyses have reported 
this, particularly in the 15–30 age group. However, a clear guidance on 
treatment for these infections are not devised which is largely debated 
by the clinicians, due to the prevalence of F. necrophorum in the same age 
population as colonisers (Centor et al., 2022). One of the fundamental 
and evasion strategies of F. necrophorum is to adhere and colonise the 
upper respiratory or oral epithelial cells mediated through the adhesins. 
Group A Streptococcus adheres to the pharyngeal epithelial cells 
through the carbohydrate antigen, lipoteichoic acid and the pili 
contributing to pharyngotonsillitis (Castro et al., 2021). The closely 
related F. nucleatum have been well characterised for adhesins such as 
FomA, RadD and FadA, but nothing much has been studied in 
F. necrophorum (He et al 2022) Some studies have suggested a 43 K OMP 
(outer membrane protein) of the animal isolates, that mediates adhesion 
in animal cells, but the equivalent human counterparts are not charac-
terised. Our study had a 47 K OMP which were only seen in two throat 
and a blood isolate. However, the genomes possess other adhesins like 
Adhesin Ata autotransporter, Adhesin YadA, Autotransporter adhesin 
BtaE, Autotransporter adhesin EhaG, Autotransporter adhesin SadA and 
Autotransporter adhesin UpaG which might have a role in adherence. 
These adhesins have been well characterised in other bacteria (Kiessling 
et al., 2020) but further studies are required to investigate their role in 
F. necrophorum infections. Interestingly, Adhesin Ata autotransporter is 
seen multiple copies in all human genomes, but absent in most animal 
isolates, suggesting the possibility of a marker gene. 

F. necrophorum cause invasive infections that range from abscesses in 
the retropharyngeal area, brain, liver, to life threatening Lemierre’s 
syndrome. Invasive infections have been broadly categorised into 
Lemierre’s syndrome, invasive infections of the head and neck and those 
of non-head and neck (Nygren et al., 2021). Virulence factors associated 
with these invasive infections are not very well understood, although 
some studies have suggested endotoxin, haemolysin and leukotoxin to 
have a role in invasion (Brazier 2006). Our study showed, fibrinolysin 

Table 3 
Core genome annotations revealed marker genes that might be involved in pathogenesis.  

Throat Isolate genomes Blood Isolate genomes Gastrointestinal Isolate genomes Animal Isolate genomes 

ADP-ribose pyrophosphatase Candidate type III effector Hop protein 3-oxoacyl-[acyl-carrier protein] 
reductase 

ATPase component BioM of energizing module 
of biotin ECF transporter 

Possible glyoxylase family protein 
[Lactoylglutathione lyase] 

CobN component of cobalt chelatase 
involved in B12 biosynthesis 

4-hydroxy-3-methylbut-2-enyl 
diphosphate reductase 

ATP-dependent DNA helicase UvrD/PcrA 

Proteinase inhibitor, ecotin precurser  conserved hypothetical protein fragment 
2 

Biotin synthesis protein BioG   

FAD-dependent pyridine nucleotide- 
disulphide oxidoreductase 

Dipeptide transport ATP-binding protein DppD   

membrane protein, putative  
DNA ligase   

predicted DNA-binding proteins NADH-dependent reduced ferredoxin:NADP +
oxidoreductase subunit A   

Transcriptional regulator, LuxR family PhnO protein    
Phosphoenolpyruvate carboxykinase [ATP]      

Proposed peptidoglycan lipid II flippase MurJ     

PTS system, maltose and glucose-specific IIC 
component     

Sarcosine oxidase alpha subunit     

Trk system potassium uptake protein TrkA     

tRNA [adenine37-N[6]]-methyltransferase 
TrmN6    
Twitching motility protein PilT  
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and extracellular serine protease encoding genes in most of the genomes 
which might contribute to invasion. Experimental studies in several 
other bacteria have shown both fibrinolysin and serine protease have a 
role in cell invasion (Wessler et al., 2017). Besides, some genomes also 
showed genes encoding outer membrane protease IcsP and tRNA 
nuclease CdiA that might have an invasive role. Fusobacterium genus- 
wide genome led studies have categorised Fusobacterium spp into 
active invaders (F. nucleatum and F. periodonticum) that have larger ge-
nomes possessing FadA, RadD and MORN2 proteins, and passive in-
vaders (F. necrophorum and F. gonidiaformans) have relatively smaller 
genomes and lack those proteins (Manson McGuire et al 2014). These 
passive invaders in turn harbour YadA and other adhesive proteins 
which enable them to attach to the host but depend on other mecha-
nisms such as co-infection for the invasion (Manson McGuire et al 2014). 
This has been proposed by a few clinical studies that, F. necrophorum 
infections are predisposed by other bacterial or viral infections (Holm 
et al., 2016). Our study has shown several adhesins in the genomes of 
different clinical sources but lacked those seen in the active invaders. 
Moreover, looking at the genomes of the blood isolates, there were no 
exclusive virulence factors seen in this group, inclining more towards 
the co-infections leading to invasive events than strains themselves 
being more virulent. 

Thromboembolic events preludes Lemierre’s syndrome and clinical 
studies have suggested a host mediated thrombophilia predisposing 
these events (Holm et al., 2015). Studies have also investigated the 
presence of hemagglutinin on the surface of the bacterial cells that 
contribute to the platelet aggregation (Kanoe et al., 1989). Most of our 
genomes possess multiple copies of the Filamentous hemagglutinin and 
some had the Heme-binding protein A. Whether the predisposition of a 
clotting disorder leads to invasive forms is yet to be substantiated. 

Secretion systems enable virulence effectors to pass through the 
membranes of bacteria that may have a role in pathogenesis (Fronzes 
et al., 2009). Our study shows the presence of several secretion system 
encoding genes in the genomes (Type II secretion system protein D, Type 
II secretion system protein G, Type IV secretion system protein PtlG, 
Type IV secretion system protein virB10, Type IV secretion system 
protein virB11, Type IV secretion system protein virB4 and Type IV 
secretion system protein virB9). Interestingly Type IV secretion system 
protein virB4 and Thiol-disulfide oxidoreductase ResA were exclusively 
seen in animal strains but not in human genomes. 

There are convincing evidences that F. nucleatum and F. necrophorum 
are associated with colorectal cancers. Purported mechanisms of 
tumorigenesis have been described eminently well with F. nucleatum 
mediated via the FadA protein (King et al., 2020). However with 
F. necrophorum, studies have only reported their presence in colorectal 
cancers but the underlying mechanisms haven’t been investigated (King 
et al., 2020). Our study did not show the FadA encoding gene in any of 
the genomes including those isolated from gasterointestinal tract. 
Whether there are other factors equivalent to FadA in F. necrophorum is 
unclear necessitating future studies. 

Clearly, as much as the animal strains (F. necrophorum subsp necro-
phorum) grouped separately by both the phylogenomic tree (Fig. 1) and 
the virulence factors based cluster dendrogram (Fig. 3), the human ge-
nomes did not cluster according to their source of isolation. Neither were 
any associations to the geographical locations of isolation. This was also 
evidenced by the panGWAS analysis of the accessory genome that 
showed some unique marker genes of the animal sources (Table 2) but 
not among the human sources. However, taking a slight alternative 
approach of pangenome analysis of the individual groups (the four 
sources of isolation), the core genomes of the individual groups showed 
some unique marker genes (Table 3). One of the limitations of this study 
is the smaller number of genomes in certain categories such as blood and 
gastrointestinal sources, that these unique genes need validation using 
larger number of genomes. Therefore, these patchy relationships to their 
source of isolation reveal that their virulence can be predominantly 
acquired. 

5. Conclusion 

In conclusion, Fusobacterium necrophorum genomes from human in-
fections are not categorised according to the syndrome they are asso-
ciated with, although those from animals can be differentiated from 
humans to some extent. This enlightens the fact that the same isolate 
that can be seen as a coloniser in a patient can also cause severe invasive 
infection in another given the right conditions to propagate and elabo-
rate their virulence factors. Having known that these infections are more 
common in young and otherwise healthy adults, co-infections with other 
bacterial or viral infections may predispose invasive forms. Also, the 
virulence factors may be both constitutive and acquired with a pre-
ponderance of acquired genes evidenced by the larger accessory 
genome. 
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