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Explanation for lack of pathogenicity — extended discussion.

The natural Pasteurellaceae ecology is in association with a host [1]. The host is usually
mammalian, with a few exceptions [2], such as P. multocida colonizing birds [1] and
possibly even amoebas [3]. Most Pasteurellaceae can be isolated from healthy hosts and
are considered part of the normal flora. However, in circumstances such as host stress,
many Pasteurellaceae cause disease and are considered opportunistic pathogens. While
the American Type Culture Collection lists A. succinogenes as a biosafety level 1
organism, all members of the genus Actinobacillus are automatically classified as risk
group 2 bacterial agents by the National Institute of Health, and require handling under
biosafety level 2 guidelines [4]. Most Pasteurellaceae are isolated from the respiratory
tract and cause pulmonary diseases [1]. Others have been isolated from the oral cavity
(e.g., A. actinomycetemcomitans, which causes peridontitis), the genital tract (e.g., H.
ducreyi, which causes sexually-transmitted chancroid), and bovine rumen (e.g., A.
lignieresii, which causes wooden tongue) [2]. Virulence is an undesirable trait for an
industrial organism, and the relatedness of A. succinogenes and M. succiniciproducens to
several pathogens cannot be ignored. With no reports of disease caused by the
succinogens, their genome sequences are a convenient and logical starting point to assess
their potential for lack of pathogenicity.

Many virulence factors have been characterized in Pasteurellaceae species. We
manually compiled a list of Pasteurellaceae virulence proteins and aligned them against
the A. succinogenes and M. succiniciproducens protein databases (supplementary Table
6). Genome-level approaches, such as microarrays [5-7] and signature-tagged transposon
mutagenesis [8, 9], indicated that Pasteurellaceae virulence is associated with global
metabolic changes, including expression of amino acid transporters, purine and
pyrimidine biosynthesis enzymes, and enzymes for anaerobic metabolism. While these
three groups of metabolic activities may affect host health, they are also necessary for
nonvirulent processes. Genes in these categories were excluded from the comparison.
Our list includes 259 gene products (with some redundancy) with functions in toxin
production, synthesis of cell surface structures, and iron uptake (supplementary Table 6).
A similar list comparing Pasteurellaceae virulence factors was recently reported by
Challacombe and Inzana [10]; it partially overlaps ours. We also aligned the non-
overlaping members of the Challacombe and Inzana list against the succinogens’
genomes (total of 341 gene products for the combined lists). In some cases our findings
disagree with those of Challacombe and Inzana. All disagreements, though, are for
protein query sequences that aligned over less than 25% of the length of the top
succinogen hit, and thus did not meet our criteria for having the same function. These
differences could be explained by Challacombe and Inzana using query sequences and



selection criteria different from ours. The major findings from the combined lists are
summarized in this section with more details available in supplementary Table 6.

Toxins. Repeat toxins (RTX), including leukotoxins, are produced by many
Pasteurellaceae, including A. pleuropneumoniae [11], A. actinomycetemcomitans [12], M.
haemolytica [13], and P. multocida [14]. The rumen bacterium A. lignieresii has a full
RTX toxin operon, but it lacks a promoter region to express it [14]. Leukotoxin
production relies on four proteins: protein A, the structural pretoxin; protein C, the
pretoxin activator; and proteins B and D, which form a type I secretion system [14]. The
pretoxin is not encoded in either succinogen. Only possible homologs to the B and D
proteins are found, likely due to conserved sequences for ATP-dependent transport. It is
important to note that the B and D homologs are never found in the same operon in the
succinogens, whereas the four leukotoxin genes are normally organized in an operon.
Possible pretoxin hits in M. succiniciproducens clearly encode proteins of non-
pathogenic functions (e.g., shikimate 5-dehydrogenase; YP 087630.1). The absence of
the pretoxin strongly suggests that neither succinogen can produce a leukotoxin. A
possible hit against the pretoxin-activating protein in M. succiniciproducens
(YP_088360.1) is encoded in a gene cluster that is not involved in leukotoxin production
but may be involved in hemagglutinin production (YP_088354-61.1; see next section). A.
actinomycetemcomitans uses a cytolethal distending toxin that is encoded near a
characteristic virulence-associated region [15]. Neither succinogen genome sequence
encodes the cytolethal distending toxin. Neither succinogen encodes a homolog to the H.
ducreyi hemolysin [16].

Cell surface structures. Cell surface virulence factors used by pathogenic Pasteurellaceae
include pili, adhesins, LPS, and capsules. Adherence to respiratory epithelial cells is the
first colonization stage by respiratory Pasteurellaceae pathogens. Even though the
succinogens were isolated from the bovine rumen, their large-scale culturing could pose a
respiratory infection risk due to aerosolization. Adherence involves a number of cell
surface mechanisms [17]. Both succinogens have possible homologs to OapA and B,
which are involved in H. influenzae binding to epithelial cells [18]. Neither succinogen
encodes H. influenzae’s surface fibril protein, Hsf [19]. Both succinogens have all
components (with varying levels of similarity) of the type IV pilus (pilABCD) involved in
H. influenzae’s adherence to nasopharyngeal tissue [20]. These pili are also part of the H.
influenzae competence regulon [21] and both competence and pathogenicity are regulated
in part by stress. M. succiniciproducens has probable homologs of the A.
actinomycetemcomitans pili needed for tight adherence (flp and tad loci) [22], whereas A.
succinogenes does not. Neither succinogen encodes homologs of the H. influenzae
adherence and penetration protein, Hap [17] and of the A. actinomycetemcomitans
collagen adhesin, EmaA [23]. H. influenzae strains use high molecular weight (HMW)



adhesin proteins to colonize respiratory tissues [17, 24, 25]. Most H. influenzae HMW
adhesins do not have significant sequence identity to any succinogen ORF, aside from
putative HmwC homologs in both genomes. Both succinogens have several large ORFs
that could encode HMW adhesins, including the possible M. succiniciproducens
hemagglutinin gene cluster mentioned above. A. succinogenes also has a gene cluster that
may be involved in hemagglutinin production (Asuc 1006-12), but ORFs Asuc 1006
and 1008 have internal frame shifts. Does A. succinogenes make an adhesin? Tests must
be done to find out. It is also possible that A. succinogenes uses this feature for survival
in a competitive environment, rather than for causing disease.

Homologs of H. influenzae’s hemagglutinating pilus genes (hifA-E) are not found in
the succinogens, with the exception of a possible chaperonin-like HifB component in
both. Although the criteria used by Challacombe and Inzana found that M.
succiniciproducens has proteins similar to hemagglutinins FhaB, pFHB1, and pFHB2
[10], these proteins did not pass the alignment length requirement we set (at least 25%) to
be considered homologs to FhaB, pFHB1 and pFHB?2.

Gram-negative bacteria possess an outer membrane LPS that can act as an
endotoxin and that can play a role in evading the immune system through choline and
sialic acid incorporation. The succinogens’ genome sequences contain many genes
involved in LPS synthesis and modification (supplementary Table 6). None of these
genes contain variable number tandem repeats, suggesting that the succinogens are not
capable of LPS phase variation. Nontypeable H. influenzae strains are able to evade host
immune defenses by incorporating host sialic acid and choline into their LPSs, thereby
mimicking host cell surfaces [26, 27]. Both succinogens lack the genes for choline
incorporation (licCABCD) [20], with the exception of a possible licB gene in A.
succinogenes. It is also doubtful that either succinogen is capable of sialic acid
incorporation. While they have possible homologs to the tripartite ATP-independent
periplasmic-like sialic acid transporter, they do not have the sialic acid-binding protein
(SiaP), the regulatory protein (SiaR), or the sialic acid incorporation proteins, Lic3A2 and
SiaB [28].

A. succinogenes’ LPS could be more complex than that of M. succiniciproducens,
since A. succinogenes has several LPS glycosyltransferases not found in M.
succiniciproducens (e.g., Asuc_0524, 1375). The two succinogens’ LPSs might also
differ in their sugar compositions. L-Rhamnose is commonly found in the cell wall and
the capsule of many bacteria, and thymidine diphosphate (dTDP)-L-rhamnose is the
immediate source of rhamnose in carbohydrate polymers [29]. Four key enzymes, RmIA
to D, are required for dTDP-L-rhamnose synthesis from glucose-1-phosphate and
thymidine triphosphate [29]. A. succinogenes, A. acetomycetemcomitans, A.



pleuropneumoniae, and A. minor are the only Pasteurellaceae species containing
homologs of E. coli RmlA, B, C, and D. In A. succinogenes, Asuc_0826 (product 75%
identical to E. coli RmIB), Asuc_ 0829 (product 65% identical to E. coli RmlA),
Asuc_0830 (product 44% identical to E. coli RmIC), and Asuc 0832 (product 53%
identical to E. coli RmID) seem to be organized in one operon. In this operon, Asuc 0827
and Asuc_ 828 are possibly encoding another nucleotidyl transferase of unknown
specificity. Asuc 0827 and Asuc 0828 are 51% and 50% identical to H. influenzae
HI0074 and HI0073, respectively, which are likely the substrate-binding (HI0074) and
nucleotide-binding (HI0073) domains of a new family of nucleotidyltransferases [30, 31].
The function of the A. succinogenes L-rhamnose biosynthetic pathway could be related to
lipopolysaccharide (LPS) synthesis, since Asuc_0826—32 are located just downstream of
Asuc_0821-24, which encode enzymes considered to be involved in LPS biosynthesis,
and since L-rhamnose is a common component of the LPS O-antigen [32, 33]. Because
LPS O antigens are mostly studied in pathogenic bacteria, it is unclear how often non-
pathogenic bacteria contain rhamnose in their LPS. For this reason, the possible presence
of rhamnose in A. succinogenes LPS is by no means indicative of a virulence trait. In
contrast to A. succinogenes, M. succiniciproducens contains only a RmIB homolog
(MS1593; 80% identity to Asuc_0826). M. succiniciproducens contains instead a set of
ORFs encoding proteins likely involved in L-rhamnose transport (RhaT, MS2326) and
catabolism (RhaBAD, MS2327-29), as well as the L-rhamnose-dependent regulators
RhaS (MS2322) and RhaR (MS2323). None of these genes are found in A. succinogenes.
Thus, the two succinogens have evolved completely different L-rhamnose pathways—a
biosynthetic one in A. succinogenes and a catabolic one in M. succiniciproducens.

P. multocida, A. pleuropneumoniae, M. haemolytica, and typeable H. influenzae
produce a capsule that is important for virulence [34-38]. Both succinogens have possible
homologs to, at most, two of the four capsule biosynthesis and export proteins,
suggesting that they are not capsulated bacteria (supplementary Table 6). However, non-
typeable H. influenzae are non-capsulated but they are still virulent.

Iron uptake mechanisms. While iron acquisition is a well-documented Pasteurellaceae
virulence trait, it is a common trait in most bacteria, making it difficult to associate iron
uptake with virulence. Nonetheless, some insight can be gained from the form of iron
transported. For example, transferrin and hemoglobin are proteins that mammalian hosts
use to bind iron. Unlike transferrin- and hemoglobin-utilizing A. pleuropneumoniae [34,
39], H. influenzae [20], H. somni [40], M. haemolytica [41], and P. multocida [42], the
succinogens have possible homologs to only a few of the proteins required for transferrin
(TbpAB), heme/hemopexin (HxuABC), or hemoglobin uptake (HgpABC)
(supplementary Table 6). Possible hits against the H. influenzae hitABC [20] system share
much higher sequence identity with polyamine transporters, and are thus not likely true



hitABC homologs. A. succinogenes does not have homologs to the hemin receptor HemR
or to the heme utilization protein Hup [20], while M. succiniciproducens has possible
homologs of each. Neither succinogen has a homolog to the M. haemolytica
hypermutable iron receptor protein Irp [43] or to the H. influenzae HfeABCD system,
which putatively transports chelated iron [20]. Still, BLAST searches show that both
succinogens can assimilate other forms of iron, including iron bound by various
siderophores (supplementary Table 6), and that they contain the heme biosynthetic
pathway from L-glutamate (Asuc 1116, 1761, 0667, 0356, 0355, 1982, 0382, 1871,
0513, and 1562 in A. succinogenes [44] (supplementary Table 6). It is interesting that in
both succinogens the potential hemagglutinin production system mentioned above is
encoded alongside genes involved in ferrous iron transport, including feoAB. FeoA and B
are not encoded in any sequenced Pasteurellaceae other than the succinogens and A.
minor NM305, but they have been implicated in more distantly related bacteria in
virulence and colonization of mammalian intestines [45, 46]. This genetic region may be
a worthwhile target for deletion, provided it does not contain essential genes for growth
and succinate production.

Other virulence proteins. Both succinogens encode GroEL homologs. While GroEL is
involved in bone resorption by A. actinomycetemcomitans [12], it is also a ubiquitous
chaperonin that is important for proper protein folding [47]. Both succinogens have a
putative homolog to the inner membrane protein, ImpA, involved in autoaggregation
[12]. Neither has a putative homolog to the A. actinomycetemcomitans
immunosuppressive factor, SF1 [48], or to its Type IV secretion system [49]. Some
Pasteurellaceae have urease activity, which is a known virulence factor of gastroduodenal
and urinary tract pathogens [50], but the succinogens have no urease homologs, and A.
succinogenes tested negative for urease activity [51]. There is also no homolog in either
succinogen genome sequence to the H. influenzae Iga protease, which cleaves
immunoglobulin A1, helping H. influenzae avoid host defenses at mucosal surfaces [52,
53].

We want to stress that nonpathogenicity cannot be concluded from the analysis of a
genome sequence. Most Pasteurellaceae species cause respiratory diseases. The
succinogens are less likely to do so, since they live in the rumen. The virulence factors
associated with a hypothetical succinogen-caused disease could be different from those
used by other Pasteurellaceae. For example, the FeoAB iron uptake system important for
the virulence of some intestinal pathogens is unique to the succinogens in the thirty-two
partially and fully sequenced Pasteurellaceae, with A. minor NM305 (part of the pig
respiratory tract normal flora) an exception. This system, though, could also be important
for a commensal relationship with the mammalian host.
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