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Summary

Neisseria meningitidis is an important human patho-
gen that is capable of killing within hours of infection.
Its normal habitat is the nasopharynx of adult
humans. Here we identify a genomic island (the prp
gene cluster) in N. meningitidis that enables this
species to utilize propionic acid as a supplementary
carbon source during growth, particularly under
nutrient poor growth conditions. The prp gene cluster
encodes enzymes for a methyicitrate cycle. Novel
aspects of the methylcitrate cycle in N. meningitidis
include a propionate kinase which was purified and
characterized, and a putative propionate transporter.
This genomic island is absent from the close relative
of N. meningitidis, the commensal Neisseria lac-
tamica, which chiefly colonizes infants not adults. We
reason that the possession of the prp genes provides
a metabolic advantage to N. meningitidis in the adult
oral cavity, which is rich in propionic acid-generating
bacteria. Data from classical microbiological and
sequence-based microbiome studies provide several
lines of supporting evidence that N. meningitidis
colonization is correlated with propionic acid gener-
ating bacteria, with a strong correlation between prp-
containing Neisseria and propionic acid generating
bacteria from the genus Porphyromonas, and that
this may explain adolescent/adult colonization by N.
meningitidis.

Introduction

Bacterial pathogens, such as Neisseria meningitidis (a.k.a.
the meningococcus), are adapted to suit the host environ-
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ment. In addition to the host—pathogen interaction, the
microbe is part of a diverse and complex microbiota, in
which it cooperates and competes for resources with its
neighbours. N. meningitidis is notorious for its ability to
cause severe sepsis and/or meningitis within a matter of
hours following its acquisition and the movement of the
bacterium into the bloodstream (van Deuren et al., 2000).
However, disease is a rare outcome of N. meningitidis
acquisition. Typically the bacterium lives harmlessly in the
human nasopharynx of 5-40% of the population at any
given time (Cartwright et al.,, 1987; Caugant et al., 1994;
Sim et al,, 2000; Yazdankhah and Caugant, 2004). N.
meningitidis is most closely related to the sexually trans-
mitted pathogen Neisseria gonorrhoeae, but other
members of the Neisseria genus are non-pathogens. Neis-
seria lactamica is the non-pathogen that is most closely
related to the pathogenic Neisseria species, and is of
particular clinical relevance since it contributes to the
development of immunity to meningococcal disease in
childhood (Gold et al., 1978) and following experimental
inoculation with N. lactamicain adults (Evans et al., 2011).
N. meningitidis and N. lactamica both colonize the human
nasopharynx as their natural habitat, but N. lactamica
colonization is largely confined to infants, whereas N.
meningitidis colonization increases with age from birth,
reaching a peak in late teenage and declining in older
adults (Gold et al.,, 1978; Cartwright et al., 1987; Olsen
etal.,, 1991; Christensen et al., 2010). The incidence of
meningococcal disease is highest among infants (with a
naive immune system) but a secondary age related peakin
disease is seen among adolescents and young adults,
which correlates with meningococcal carriage frequency
(Jones and Mallard, 1993). Ultimately, the reservoir of adult
meningococcal colonization is crucial for the occurrence of
epidemic meningococcal disease (in both adults and chil-
dren), and thus it is important to understand what enables
N. meningitidis, but not N. lactamica, to effectively colonize
adults.

An analysis of the genomic differences between N.
lactamica and the two pathogenic Neisseria species
reveals nine genomic islands that are found in all N.
meningitidis strains, but are absent from all four N. lac-
famica strains currently available in NCBI database
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Fig. 1. A. Comparison of genomic region containing and flanking NMB0430-0435 between N. meningitidis MC58, denoted N.m, and N.
lactamica 020-06, denoted N.I. The genes NMB0430-0435 are shown in white (to scale), the flanking genes are shown in grey.
B. Relative sizes of the multigene clusters found in N. meningitidis but absent from N. lactamica.

(ST640, N5195, ATCC23970 and Y92-1009) (Fig. 1). The
largest of these DNA regions is a 10200 base pair region
which contains genes NMB0430-NMB0435 (of the sero-
group B strain N. meningitidis MC58). This region is also
conserved in all N. gonorrhoeae strains. Homologous DNA
sequences flanking this region (NMB0428 and NMB0436)
are adjacent to one another (separated by less than 100
base pairs) in N. lactamica (Fig. 1) and other closely
related Neisseria species N. polysacchareaand N. cinerea
indicating that the NMB0430-0435 gene cluster is a recent
horizontally transferred acquisition. More distantly related
Neisseria species (for a Neisseria genus phylogeny, see
e.g. Marri etal,, 2010), N. subflava, N. flavescens, N.
macaceae, N. siccaand N. mucosa contain homologues of
the genes from this island, bearing very high levels of
identity (typically 97—99% identical), but the flanking genes
are not the same as found in N. meningitidis. All this is
consistent with the NMB0430-0435 gene cluster being a
horizontally transferred acquisition either from more dis-
tantly related members of the Neisseria genus or from
outside the genus.

Genes within the NMB0430-NMB0435 cluster have
homology to genes involved in the methylcitrate cycle from
other bacteria (Horswill and Escalante-Semerena, 2001).
This pathway is used in other bacteria [e.g. Salmonella
enterica (Hammelman etal, 1996; Horswill and
Escalante-Semerena, 1999b), Escherichia coli (Textor
etal., 1997; London etal., 1999), Ralstonia eutropha
(Bramer and Steinbuchel, 2001), Burkholderia sacchari
(Bramer et al., 2002), Corynebacterium glutamicum (Claes
etal., 2002), Mycobacterium tuberculosis (Munoz-Elias
etal., 2006) and Mycobacterium smegmatis (Upton and
McKinney, 2007)] to convert propionic acid to pyruvate
(Fig. 2A), which supports growth and/or limits the toxicity of
propionic acid. NMB0430 and NMB0431 are homologues
of methylisocitrate lyase (prpB) (Grimek et al., 2003) and
methylcitrate synthase (prpC) (Horswill and Escalante-

Semerena, 1999a) respectively. NMB0433 and NMB0434
are homologues of acnD and prpF from Shewanella onei-
densis and Vibrio cholerae that catalyse methylcitrate
dehydratase activity, acting as a functional replacement
for the gene prpD that is used in the methylcitrate cycle in
the enteric bacteria, C. glutamicum and M. smegmatis
(Horswill and Escalante-Semerena, 1999a; Grimek and
Escalante-Semerena, 2004) (Fig. 2B). Propionate activa-
tion is achieved by its conversion to propionyl CoA as the
first step in the methyl citrate cycle in S. enterica via PrpE
(Horswill and Escalante-Semerena, 1999a). However, no
homologue of PrpE is found in N. meningitidis. The other
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Fig. 2. A. A scheme of the methylcitrate cycle, indicating the roles
of genes from the NMB0430-0435 gene cluster, predicted based
on their similarity to genes of established function in other bacteria.
B. Comparison of NMB0430-0435 gene cluster with prp clusters
from other bacteria. prpB and prpC homologues are shown in
black, 2-methyicitrate dehydratases acnD/prpF and prpD are shown
in dark grey. prpE is shown in pale grey. Genes of unknown
function are shown in white.
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Fig. 3. Growth and propionic acid content in N. meningitidis. Wild-type strain MC58 (panels A, C, and E), prpC-deficient strain
NMBO0431::spec’ (panels B, D and F). Cultures were grown in Mueller—Hinton broth (A and B), chemically defined medium with glucose (C and
D) or pyruvate (E and F) as main carbon source. Growth was followed with no propionic acid (filled circles), 5 mM propionic acid (open circles)
and 10 mM propionic acid (filled inverted triangles). Propionic acid content was followed for cultures inoculated with 5 mM propionic acid and
is shown as grey squares. Data are means = standard deviation for three independent experiments.

genes in the NMB0430-NMB0435 gene cluster are
NMBO0432, which encodes a putative membrane protein,
and NMBO0435 which encodes a putative acetate kinase
(ackAT).

Here we demonstrate for the first time that N. meningi-
tidis can utilize propionic acid as a carbon source, and
that this is dependent on possession of the NMB0430—
0435 gene cluster. We propose that the ability of N. men-
ingitidis to utilize propionic acid provides it with a selective
advantage in the adult nasopharynx which is rich in anaer-
obes, many of which produce propionic acid as an end-
product of fermentation.

Results and discussion

The prp gene cluster enables N. meningitidis fo utilize
propionic acid as a carbon source

To test whether the NMB0430-NMBO0435 gene cluster
(henceforth referred to as the prp gene cluster) is functional
in N. meningitidis, we introduced an antibiotic resistance
cassette into NMB0431 (prpC, the putative methylcitrate
synthase). prpC does not contribute to increased growth or
propionic acid resistance in N. meningitidis grown in rich
media (Fig. 3A and B). However, in chemically defined
media with glucose or pyruvate as carbon source, propi-
onic acid supplements growth of N. meningitidis (Fig. 3C
and E). The extended growth in late exponential phase

induced by propionic acid is concomitant with propionic
acid depletion, and is dependent on prpC (Fig. 3C-F).
The expression of prpC is highly regulated during
growth in different media (Fig. 4). Expression of prpC is
considerably lower in Mueller—Hinton broth (rich media)
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Fig. 4. Relative expression of prpC over growth time-course in
Mueller—Hinton broth (white bars), chemically defined medium with
glucose as carbon source (grey bars) and chemically defined
medium with pyruvate as carbon source (black bars). Expression
was assessed using quantitative real-time PCR. Expression levels
are shown for cultures = 5 mM propionic acid. Data are

means =+ standard deviation for at least three independent
experiments.
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Fig. 5. Growth (A) and propionic acid utilization (B) in N. meningitidis MC58 (circles), NMB0432::tet" (inverted triangles), NMB0432::spec’
(squares), NMB0435::spec’ (diamonds) and NMB0631::kan" (triangles). Filled symbols represent growth in chemically defined medium with
pyruvate as major carbon source, and open symbols represent growth in pyruvate + 5 mM propionic acid. Data are means * standard

deviation for at least three independent experiments.

than in chemically defined media with glucose or pyruvate
as the major carbon source. prp gene expression is not
induced directly by propionic acid (Fig. 4). Expression of
prpC increases towards stationary phase in chemically
defined medium with either glucose or pyruvate as carbon
source, consistent with its induction being responsive to
nutrient poverty. NMB0431 has previously been shown to
be regulated by a global regulator of nutrient limitation
(NMBO0573; Lrp) in N. meningitidis (Ren et al., 2007). The
prp gene cluster has also been shown to be regulated by
a small RNA (Bsn1) (Del Tordello et al., 2012), although
whether this regulation is related to nutrient deprivation
and/or Lrp is not currently known.

Propionic acid utilization begins earlier in the growth of
N. meningitidis in pyruvate medium, compared to glucose
medium, corresponding with a high level of expression of
prpC after 4 or 6 h of culturing, whereas propionic acid
utilization in glucose media occurs rapidly, but only after
around 8 h of incubation, consistent with a sharp increase
in prp expression after this time (Figs 3 and 4). Overall, the
transcriptional regulation of the prp gene cluster is suffi-
cient to explain the different propionic acid utilization pat-
terns in different media.

Genes in the prp cluster NMB0430, NMB0433 and
NMBO0434 are highly similar to genes required for meth-
ylcitrate cycle action in other bacteria, but NMB0432 and
NMBO0435 are not similar to methyicitrate cycle genes
from other organisms. To determine whether these genes
are involved in propionic acid utilization in N. meningitidis
we constructed gene knockouts in both these genes of
unknown function. Mutants deficient in NMB0432 and
NMBO0435 were constructed by insertion of a spectinomy-
cin resistance cassette into these open reading frames.
Mutants deficient in NMB0432 or NMB0435 are unable to

utilize propionic acid, and grow identically to the wild-type
in the absence of propionic acid (Fig. 5) indicating that
both these genes are required for propionic acid utiliza-
tion in N. meningitidis. The spectinomycin resistance cas-
sette used for generation of the knockout mutations
contains powerful transcriptional terminators (Prentki and
Krisch, 1984), and is anticipated to have an effect on
transcription of genes downstream. Therefore, a mutant
was also constructed in which NMB0432 was disrupted
with a tetracycline resistance cassette lacking transcrip-
tional terminators. Expression of genes NMB0433 and
NMBO0434, immediately downstream from NMB0432, was
retained in this tetracycline-resistant mutant (albeit at
lower levels than in wild-type or NMBO0435-deficient
strains), but was severely downregulated in the
NMBO0432::Spec” construct (Fig. 6). This finding and
further experimental evidence (Fig. S1) indicate that the
prp genes are expressed in a single operon. Strain
NMBO0432::tet" was unable to utilize propionic acid, and
grew identically to the wild-type in the absence of propi-
onic acid (Fig. 5) indicating that NMB0432 is required for
propionic acid utilization in N. meningitidis.

NMB0435 encodes a propionate kinase

The structure of the prp gene cluster in N. meningitidis is
distinct from that of other bacteria that contain a methylci-
trate cycle in two unique respects. First, the gene
NMBO0435, which is annotated as acetate kinase ackA7,
is not present in other bacteria. N. meningitidis MC58
encodes two putative acetate kinases: ackA1 (NMB0435)
and ackA2 (NMB1518). To explain the presence of the
ackA1 gene in the prp gene cluster and to explain the
phenotype of the NMB0435 mutant (unable to utilize pro-
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Fig. 6. The relative expression of the NMB0432 (black bars),
NMBO0433 (pale grey bars) and NMB0434 (dark grey bars) in
wild-type (WT), and mutant strains NMB0431::spec’ (0431sp),
NMBO0432::tet" (0432tet), NMB0432::spec’ (0432sp) and
NMBO0435::spec’ (0435sp). Expression was assessed using
quantitative real-time PCR. Expression was determined in cultures
grown for 6 h in pyruvate medium with (denoted by +) or without
(denoted by —) propionic acid. Data are expressed as relative
expression compared to that of a wild-type culture grown for 6 h in
MHB without propionic acid. N.D denotes not done. Error bars
represent standard deviation and data are mean averages from at
least three independent experiments.

pionic acid) we hypothesized that ackA1 may in fact
encode a propionate kinase. ackA2is presumed to encode
a genuine acetate kinase in N. meningitidis. To test this, we
overexpressed NMB0435 and NMB1518 in E. coli and
assayed their activities with acetate and propionate as
substrates in kinase assays (Table 1; Fig. S2). NMB1518
has acetate kinase activity, but it was not possible to
measure an affinity of this enzyme for propionate since the
data did not approach saturation, indicating that this is the
bona fide acetate kinase in N. meningitidis. NMB0435,
however, is active with both acetate and propionate as
substrates, indicating it is capable of fulfilling a role in
activation of propionate into propionyl phosphate as part of
the methyl citrate cycle in N. meningitidis. The Ky of
NMBO0435 for propionate (16 mM) is higher, but within
an order of magnitude, of that from the only other charac-
terized propionate kinase: TdcD from Salmonella
(Km=2.3 mM) (Simanshu et al., 2005). Preparations of
NMBO0435 have a low activity in vitro compared to
NMB1518 (Fig. S2) and other propionate kinase charac-
terized previously (Simanshu et al., 2005). This probably
relates to the large number of cysteine residues (eight) in
NMBO0435 and the high concentrations of reducing agent
(5 mM DTT) required for purification of active NMB0435.
Typically, propionate utilizing bacteria use propionyl-CoA
synthase (PrpE) (Horswill and Escalante-Semerena,
1999a) to activate propionate and provide the substrate for
methyicitrate synthase (PrpC). N. meningitidis generates

propionyl phosphate via NMB0435, and we hypothesize
that this is converted to propionyl-CoA via phosphotransa-
cetylase (NMB0631; Pta). Indeed, NMBO0631-deficient
mutants are unable to utilize propionic acid as an additional
carbon source during growth (Fig. 5).

The second innovation in the prp cluster in N. meningi-
tidis is the gene NMB0432, homologues of which are not
found in the methylcitrate cycle gene clusters in other
organisms. It encodes a predicted membrane protein with
six transmembrane spans. Mutant strains deficient in
NMBO0432 are unable to utilize propionic acid (despite
expressing the other genes of the prp gene cluster) sug-
gesting NMB0432 has a role in transporting propionate
into the cell (although it is not possible to exclude the
possibility that the phenotype on propionic acid is due to
altered expression of downstream genes NMB0433-5).
Pfam analysis indicates NMB0432 contains a domain
(Pfam01925) similar to that of anion (sulphite) transporter
TauE. Predicted membrane spans 4, 5 and 6 of NMB0432
each contain positively charged arginine or lysine resi-
dues, consistent with a role for this membrane protein in
anion transport. Propionyl-CoA synthase PrpE has a much
higher affinity for propionate (Ky=20 uM) (Horswill and
Escalante-Semerena, 2002) than does propionate kinase
AckA1 (Ky =16 mM), which may explain why an active
transport system is required for propionate in N. meningi-
tidis, but not in other propionate utilizing bacteria that
possess PrpE. The Ky for propionate of propionate kinase
is higher than the concentration of propionate provided in
the media (5 mM) and higher than the in vivo concentration
of propionate in the oral cavity [up to 600 uM in saliva
(Takeda et al., 2009); from 1 mM in healthy to 10 mM in
diseased subgingival crevice (Niederman et al., 1997)].

prpC is not required for survival in blood

NMBO0431 was identified as a highly upregulated gene in
response to culturing N. meningitidis in human blood
(Echenique-Rivera et al., 2011). We investigated whether
the possession of the prp cluster is important for survival
in blood by culturing wild-type and NMB0431::spec” with
whole human blood. There was no significant difference in
the survival rates between the two strains indicating that

Table 1. Affinities of heterologously expressed kinases NMB0435
and NMB1518 for acetate and propionate.

KM acetate + SD KM propionate + SD

Enzyme (mM) (mM)
NMB0435 (AckA1) 20.8+4.6 16.3+£2.2
NMB1518 (AckA2) 25.7+4.3 Not measureable

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 93, 346-355
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this pathway is not crucial for meningococcal survival in
blood (Fig. S3).

A role for propionic acid metabolism in
N. meningitidis colonization

The finding that the prp gene cluster possession does not
affect survival in blood suggests that the function of this
gene cluster may relate to survival in the normal habitat of
N. meningitidis (i.e. the adult nasopharynx) rather than it
having a role in virulence per se. While N. meningitidis is a
common colonist of adults, N. lactamica is largely confined
to infants (Gold et al., 1978; Cartwright et al., 1987; Olsen
et al., 1991; Christensen et al., 2010). The finding that the
methylcitrate cycle is not present in the infant-specific N.
lactamica suggests that this metabolic pathway and pro-
pionate as a carbon/energy source might be important for
enabling N. meningitidis to colonize older individuals. The
main source of propionic acid in the oral cavity and naso-/
oro-pharynx is via strict anaerobes that generate propionic
acid as an end-product of fermentation. Anaerobes are
acquired from birth along with aerobes, but the oral
(Kononen et al., 1999; Kononen, 2005) and nasopharyn-
geal (Kononen et al., 2003) microflora of infants is domi-
nated by aerobes, and the proportion of anaerobes
increases with age through childhood into adolescence.
Propionibacteria (e.g. Propionibacterium acnes) are an
important source of propionic acid (generated as a product
of sugar fermentation) on the human body. The number of
propionic acid bacteria colonizing the nares (nostrils)
changes significantly with age, increasing c. 100-fold from
6 years to 13 years (Mourelatos et al., 2007). Recent
culture-independent studies of microbial colonization of
the nasopharynx and upper respiratory tract provide
further evidence in support of a change in the microflora
between infants and adults. A study of 96 infants (18
months old) revealed the dominant bacterial colonists of
the nasopharynx are the aerobic and facultatively anaero-

Age (years)

bic genera Moraxella (40%) and Haemophilus (20%)
respectively (Bogaert ef al., 2011). The adult nasopharynx
has a more complex microbiota and is dominated by
Firmicutes, Proteobacteria, Bacteroidetes and Fusobacte-
ria (Charlson et al., 2010). Neisseria is more common in
adults and clusters with colonization by anaerobes of the
genera Porphyromonas and Fusobacterium (Charlson
etal., 2010) both of which produce propionic acid as
end-products of amino acid fermentation (Carlier et al.,
1997; Takahashi et al., 2000). Notably, the proportion of
the salivary microbiota belonging to genera Porphyrom-
onas and Fusobacterium varies with age, such that there
is a peak of colonization around age 18, correlating tightly
with changes in nasopharyngeal meningococcal carriage
with age (our analysis of data in Stahringer et al., 2012;
Fig. 7). Positive correlations were observed between
Neisseria and Porphyromonas colonization between indi-
viduals in the oral cavity in two separate studies of diver-
sity in the upper respiratory tract involving 91 individuals
(Human Microbiome Project, accession SRX055077) and
293 individuals (Charlson et al., 2010) and two separate
studies of bacterial diversity in saliva involving 120 indi-
viduals (Nasidze etal, 2009) and 278 individuals
(Stahringer etal., 2012) (Supplementary Fig. S4 and
Datasets S1-S6). Porphyromonas was the only genus
consistently correlated with Neisseria among all four
studies. For the throat samples it was possible to identify
Neisseria to species level, with the dominant species
being N. subflava (which contains the prp gene cluster)
and N. cinerea (which lacks the prp gene cluster). N.
subflava is positively correlated with Porphyromonas
[Pearson correlations of 0.7215 and 0.3678 for the data-
sets from SRX055077 and (Charlson et al., 2010) respec-
tively], whereas there is no correlation between N. cinerea
and Porphyromonas (Pearson correlations of —0.0677 and
—0.0363). Thus, the evidence from analysis of microbial
communities indicates that the adult upper respiratory
tract is enriched in propionic acid generating bacteria,
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providing a selection pressure for retention of a horizon-
tally acquired metabolic pathway that allows utilization of
propionate, as found in N. meningitidis.

Conclusion

In this article we provide the first report that N. meningi-
tidis contains a functioning methylcitrate cycle and is able
to utilize the enzymes in this cycle to catalyse the break-
down of propionate. The utilization of propionate helps
support growth of N. meningitidis, particularly under con-
ditions of nutrient limitation. The genes encoding the
methyicitrate cycle are located on the largest genomic
island in N. meningitidis, an island that is present in the
other pathogenic Neisseria (N. gonorrhoeae) but absent
from closely related non-pathogenic Neisseria species N.
lactamica, N. cinerea and N. polysaccharea.

Genomic islands in pathogens are typically referred to
as pathogenicity islands. In this case, it appears that the
prp gene cluster is not a pathogenicity island per se, but
confers a metabolic capacity relevant to the natural
habitat of the meningococcus. That the prp gene cluster is
not central to virulence is in keeping with the fact that it
appears to be universally maintained in N. meningitidis
genomes, not just the hypervirulent lineages associated
with most human disease. As such, the metabolic capac-
ity to use propionic acid may be crucial in underpinning
colonization of the N. meningitidis natural habitat (human
adult upper respiratory tract), distinguishing it from the N.
lactamica habitat (human infant upper respiratory tract).
The capacity of N. meningitidis to colonize adolescents/
adults is important for its transmission and disease epi-
demiology (Christensen et al., 2013). This increase in
carriage in young adulthood is frequently attributed to
increased social interaction and contact in this age group
(see e.g. Christensen et al., 2010). While this is no doubt
true, here we present for the first time a mechanistic
explanation for why N. meningitidis in particular has
increased carriage with age, based on the genetic prop-
erties of the meningococcus and co-colonizing microbiota
in the host.

Experimental procedures
Strains, media and growth conditions

Neisseria meningitidis strain MC58 was used as wild-type
control and as source of genomic DNA for mutant strain
constructs. Its complete genome has been sequenced, pub-
lished and annotated (Tettelin et al., 2000). N. meningitidis
strains NMBO0431::Spec’, NMB0432::Spec’, NMB0432:: Tet"’
and NMBO0435::Spec” were generated by allelic exchange of
an interposon disrupted version of the gene with the wild-type,
using similar methods to those described previously (Anjum
et al., 2002). Genes to be mutated were amplified by PCR.

NMB0431 was amplified with primers 5-CCAAGCTTG
TGTCGAAGCC and5-TTTCAGACGGCCTTTCCAATAAGG.
NMBO0432 was amplified with primers 5-TTCTCTGCC
GTTTCCTACCAA and 5-ATGTCGGTTCTCCTGTGGAT.
NMBO0435 was amplified with primers 5-TTGACGTAGCAT
GGGTTTGC and 5-ACGCCCGAAATTCAAAATCC. In each
case, the resultant product was cloned into pCR®-Blunt
II-TOPO® vector (Invitrogen). The resultant plasmids were
digested with Psil (NMB0431), Clal and Acll (NMB0432) and
Clal and Bsml (NMB0435) prior to insertion of the spectino-
mycin resistance gene from pHP45Q (Prentki and Krisch,
1984) or the tetracycline resistance gene from pCMT18
(Heurlier et al., 2008). Resulting plasmids were transformed
into N. meningitidis MC58 as described previously (Heurlier
et al., 2008). N. meningitidis deficient in phosphotransacety-
lase (pta; NMB0631) was a kind gift from Dr Jon Shaw,
University of Sheffield.

Neisseria meningitidis strains were streaked on Columbia
Blood Agar Base plates (CBA) and incubated at 37°C over-
night in a 5% CO, atmosphere (Heurlier et al., 2008). Liquid
cultures of N. meningitidis were grown in Mueller—Hinton
broth (MHB) (Oxoid) or in chemically defined medium (CDM)
modified from the method described by Catlin (Catlin and
Schloer, 1962). CDM was prepared as described in Table S1.
Both media where supplemented with 10 mM NaHCO; prior
to incubation. Liquid cultures were routinely grown from a
starting ODsoo reading of 0.05. Cultures were grown in tripli-
cate in 30 ml polystyrene universal tubes (Sterilin®) in a total
of 15 ml, and were shaken at 200 r.p.m. at 37°C in a microbial
C25KC incubator shaker (New Brunswick Scientific). Growth
in the presence of propionic acid was enabled by the addition
of propionic acid (Sigma-Aldrich®) to a final concentration of
5 mM. Antibiotics were included as appropriate: spectinomy-
cin, 50 ug ml™; tetracycline 2.5 ug mi'.

Growth of N. meningitidis in whole blood

Human venous blood was collected from seven healthy adult
volunteers (three males and four females) and an anti-
coagulant agent, heparin, was instantly mixed in the blood at a
concentration of 17 U ml~'. Samples were obtained from
Wayne Burrill, University of Bradford, the morning subsequent
to collection. N. meningitidis MC58 and NMB0431::Spec’ were
grown on plates overnight. A few colonies for each strain were
inoculated the following day into MHB + 10 mM NaHCO; until
they reached an ODeq 0f 0.3, which corresponded to approxi-
mately 3 x 10® bacteria-ml™. Bacteria were subsequently
diluted to 1x10° or 2x10°cfuml™ into MHB+ 10 mM
NaHCO; and 10 pl of these suspensions were inoculated in
triplicate into 190 pl of 100% human whole blood, resulting in
a starting experimental concentration of between 5 x 10* and
1 x 10° cfu ml~'. Whole blood infected with bacteria was then
incubated over a period of 2 h in a 96-Well Optical Reaction
Plate (Applied Biosystems) at 37°C with shaking at 110 r.p.m.
to avoid red blood cell sedimentation. At each time point (0, 30,
60, 90 and 120 min), 20 pl of sample was removed and spread
onto CBA plates. The number of viable bacteria was deter-
mined by cfu counts by plating serial dilutions onto CBA plates.
Bacterial survival was determined by comparison of the viable
count at the different time points with the control time 0, where
survival rate corresponded to 100%.
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Measurement of propionic acid content

Gas chromatography was used for separating propionic acid
from growth medium. Five hundred microlitres of samples of
culture were collected at different time points, centrifuged at
12 000 g for 5 min with a Sigma 1-13 microcentrifuge and the
supernatant was stored at —80°C until the last sample was
collected. Each sample to be analysed was then mixed with
132 mM potassium phosphate (pH 3). Half microlitre of
freshly acidified samples were drawn up into a syringe,
placed into a hot injector port of the 6890 N Network GC
system gas chromatograph (Agilent Technologies), and the
sample was injected. The injector port was at 250°C. Helium
carrier gas flowed through the column (Alltech® AT-1000
Capillary Column; 150°C) at a constant flow of 2.2 ml min-'.
The area under the curve of the propionic acid elution peak
was measured and converted to the actual concentration of
propionic acid with the help of a standard curve.

Measurement of gene expression by RT-PCR

Messenger RNA and cDNA were prepared and the relative
expression of genes determined as described previously
(Heurlier etal., 2008) at time points throughout growth.
Expression of NMB0431, NMB0432, NMB0433 and NMB0434
were determined relative to MetK (NMB1799) as endogenous
control. Primers for RT-PCR are in Table S2.

To determine whether the prp gene cluster is expressed as
a polycistronic operon, primers were designed to amplify
across all the intergenic regions within the prp gene cluster
and between NMB0428 and NMB0430, and NMB0435 and
NMB0436 (i.e. the genes flanking the prp cluster). The
primers are indicated in Fig. S1A, and shown in Table S2.

Overexpression and purification of NMB0435 and
NMB1518

Neisseria meningitidis MC58 NMB1518 (AckA2 acetate
kinase) and NMB0435 (AckA1 suspected propionate kinase)
genes were amplified by PCR with primers NMB1518F
(5"-CCAGGGACCAGCAATGTCCCAAAAATTGATCTTGGTT
TTG) and NMB1518R (5-GAGGAGAAGGCGCGTTATTA
CAGACCGCTCAAACGGGCAGTGTCGTG) and NMB0435F
(5"-CCAGGGACCAGCAATGTCCGACCAACTCATCCTCGT
TCTGAAC) and NMBO0435R (5-GAGGAGAAGGCGCGTT
ACTACAAGATGCCGGCAAGTTCGGCAGTGT), respec-
tively, and cloned into pETYSBLIC3C vectors (N-terminal
His-tagged, Kan") and transformed into E. coli BL21 (A DE3),
as described previously (Bonsor et al., 2006). Proteins were
overexpressed by culturing in 650 ml autoinduction medium
overnight at 30°C (Edwards et al., 2010). After induction,
AckA2 cultures were pelleted at 4000 g for 15 min in a Sorvall
Evolution RC centrifuge with an SLC-1500 rotor. Pellets were
re-suspended in 30 ml nickel column equilibration buffer
(50 mM Tris pH 7, 300 mM NaCl and 40 mM Imiadazole) and
stored at —20°C until ready for purification. AckA1 cultures
were treated with the same buffers, with the exception that all
storage and purification buffers contained 5 mM DTT (Dithi-
othreitol) as a reducing agent. Purification and storage of
AckA1 without at least 5 mM DTT yielded inactive protein.
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Pellets stored at —20°C were defrosted in 37°C water baths
before sonication lysis with a MISONIX sonicator model 3000
for 3 min with 3 s on 7 s off pulses at 120 W. Total pellet lysate
was then centrifuged at 10 000 g for 30 min in a Sigma 3-18
centrifuge with a Sigma 19776-H rotor to pellet insoluble cell
debris. Crude cell lysate was then applied to 5 ml His-trap
nickel columns previously equilibrated with equilibration buffer
equivalent to five column volumes. After lysate had been
applied, columns were then rinsed with another five column
volumes of equilibration buffer before five column volumes of
elution buffer [50 mM Tris pH 7, 300 mM NaCl, 500 mM Imi-
dazole (+6mM DTT for AckA1)] were applied; fractions
equivalent to one column volume were collected from this.
Purity was checked by SDS-PAGE on completion of the puri-
fication protocol. Acetate and propionate kinase activity was
assayed using the hydroxamate assay as described previ-
ously (Aceti and Ferry, 1988), at a range of concentrations of
substrate.

Taxonomic analysis of 16S rRNA oral microbiome data

16S rRNA amplicon sequence data were downloaded from the
NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
sra/) from four separate oral microbiome studies (Nasidze
etal.,, 2009; Charlson et al., 2010; Stahringer et al., 2012;
Human Microbiome Project, accession SRX055077). Adaptor
sequences were trimmed using CutAdapt version 1.2.1 with
an error rate of 0.2 and minimum length after trimming of 20
base pairs. QIIME version 1.7.0 was used to assign OTUs
(operational taxonomic units) to the amplicon datasets, and
run at both 97% and 99% similarity. The Greengenes (May
2013 version) was used to pick OTUs (with the UCLUST
clustering algorithm) and assign taxa to representative
sequences for each OTU. Relative abundance data produced
by QIIME were used to calculate Pearson product moment
correlations, using the SciPy stats module, between the taxa
across the samples in each study, with correlation coefficients
of <-0.1175 or 2 0.1175 for the data from Stahringer et al.
(2012),<-0.1170 or> 0.1170 for the data from Charlson et al.,
2010),<-0.18 or > 0.18 for the data from Nasidze et al., 2009)
and <£-0.3 or 20.3 for the data from SRX055077 being
considered as significantly correlated.

Acknowledgements

SM received funding from the Centre for Chronic Diseases
and Disorders (C2D2), which is funded by the Wellcome Trust
(Grant 097829/Z/11/A).

References

Aceti, D.J., and Ferry, J.G. (1988) Purification and characteri-
zation of acetate kinase from acetate-grown Methanosar-
cina thermophila. Evidence for regulation of synthesis. J Bio/
Chem 263: 15444—15448.

Anjum, M.F., Stevanin, T.M., Read, R.C., and Moir, J.W.
(2002) Nitric oxide metabolism in Neisseria meningitidis. J
Bacteriol 184: 2987-2993.

Bogaert, D., Keijser, B., Huse, S., Rossen, J., Veenhoven, R.,
van Gils, E., et al. (2011) Variability and diversity of naso-

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 93, 346—355


http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/

354 M.C.E Catenazzietal. W

pharyngeal microbiota in children: a metagenomic analy-
sis. PLoS ONE 6: e17035.

Bonsor, D., Butz, S.F., Solomons, J., Grant, S., Fairlamb, I.J.,
Fogg, M.J., and Grogan, G. (2006) Ligation independent
cloning (LIC) as a rapid route to families of recombinant
biocatalysts from sequenced prokaryotic genomes. Org
Biomol Chem 4: 1252—-1260.

Bramer, C.O., and Steinbuchel, A. (2001) The methylcitric
acid pathway in Ralstonia eutropha: new genes identified
involved in propionate metabolism. Microbiology 147:
2203-2214.

Bramer, C.O., Silva, L.F.,, Gomez, J.G., Priefert, H., and
Steinbuchel, A. (2002) Identification of the 2-methylcitrate
pathway involved in the catabolism of propionate in the
polyhydroxyalkanoate-producing strain Burkholderia sac-
chari IPT101(T) and analysis of a mutant accumulating a
copolyester with higher 3-hydroxyvalerate content. Appl/
Environ Microbiol 68: 271-279.

Carlier, J.P., Henry, C., Lorin, V., and Rouffignat, K. (1997)
Conversion of DL-threonine, D-threonine and 2-
oxobutyrate into propionate and 2-hydroxybutyrate by
Fusobacterium species. Lett Appl Microbiol 25: 371-374.

Cartwright, K.A., Stuart, J.M., Jones, D.M., and Noah, N.D.
(1987) The Stonehouse survey: nasopharyngeal carriage
of meningococci and Neisseria lactamica. Epidemiol Infect
99: 591-601.

Catlin, B.W., and Schloer, G.M. (1962) A defined agar
medium for genetic transformation of Neisseria meningi-
tidis. J Bacteriol 83: 470-474.

Caugant, D.A., Hoiby, E.A., Magnus, P., Scheel, O., Hoel, T.,
Bjune, G., et al. (1994) Asymptomatic carriage of Neisseria
meningitidis in a randomly sampled population. J Clin
Microbiol 32: 323—330.

Charlson, E.S., Chen, J., Custers-Allen, R., Bittinger, K., Li,
H., Sinha, R., et al. (2010) Disordered microbial communi-
ties in the upper respiratory tract of cigarette smokers.
PLoS ONE 5: e15216.

Christensen, H., May, M., Bowen, L., Hickman, M., and
Trotter, C.L. (2010) Meningococcal carriage by age: a sys-
tematic review and meta-analysis. Lancet Infect Dis 10:
853-861.

Christensen, H., Hickman, M., Edmunds, W.J., and Trotter,
C.L. (2013) Introducing vaccination against serogroup B
meningococcal disease: an economic and mathematical
modelling study of potential impact. Vaccine 31: 2638—
2646.

Claes, W.A., Puhler, A., and Kalinowski, J. (2002) Identifica-
tion of two prpDBC gene clusters in Corynebacterium glu-
tamicum and their involvement in propionate degradation
via the 2-methyicitrate cycle. J Bacteriol 184: 2728-2739.

Del Tordello, E., Bottini, S., Muzzi, A., and Serruto, D. (2012)
Analysis of the regulated transcriptome of Neisseria men-
ingitidis in human blood using a tiling array. J Bacteriol 194:
6217-6232.

van Deuren, M., Brandtzaeg, P., and van der Meer, J.W.
(2000) Update on meningococcal disease with emphasis
on pathogenesis and clinical management. Clin Microbiol
Rev 13: 144-166, table of contents.

Echenique-Rivera, H., Muzzi, A., Del Tordello, E., Seib, K.L.,
Francois, P., Rappuoli, R., etal. (2011) Transcriptome
analysis of Neisseria meningitidis in human whole blood

and mutagenesis studies identify virulence factors involved
in blood survival. PLoS Pathog 7: e1002027.

Edwards, J., Cole, L.J., Green, J.B., Thomson, M.J., Wood,
A.J., Whittingham, J.L., and Moir, J.W. (2010) Binding to
DNA protects Neisseria meningitidis fumarate and nitrate
reductase regulator (FNR) from oxygen. J Biol Chem 285:
1105—-1112.

Evans, C.M., Pratt, C.B., Matheson, M., Vaughan, T.E.,
Findlow, J., Borrow, R., et al. (2011) Nasopharyngeal colo-
nization by Neisseria lactamica and induction of protective
immunity against Neisseria meningitidis. Clin Infect Dis 52:
70-77.

Gold, R., Goldschneider, I., Lepow, M.L., Draper, T.F., and
Randolph, M. (1978) Carriage of Neisseria meningitidis
and Neisseria lactamica in infants and children. J Infect Dis
137: 112-121.

Grimek, T.L., and Escalante-Semerena, J.C. (2004) The
acnD genes of Shewenella oneidensis and Vibrio cholerae
encode a new Fe/S-dependent 2-methylcitrate dehy-
dratase enzyme that requires prpF function in vivo. J Bac-
teriol 186: 454—-462.

Grimek, T.L., Holden, H., Rayment, |., and Escalante-
Semerena, J.C. (2003) Residues C123 and D58 of the
2-methylisocitrate lyase (PrpB) enzyme of Salmonella
enterica are essential for catalysis. J Bacteriol 185: 4837—
4843.

Hammelman, T.A., O'Toole, G.A., Trzebiatowski, J.R., Tsang,
AW., Rank, D., and Escalante-Semerena, J.C. (1996)
Identification of a new prp locus required for propionate
catabolism in Salmonella typhimurium LT2. FEMS Micro-
biol Lett 137: 233-239.

Heurlier, K., Thomson, M.J., Aziz, N., and Moir, J.W. (2008)
The nitric oxide (NO)-sensing repressor NsrR of Neisseria
meningitidis has a compact regulon of genes involved in NO
synthesis and detoxification. J Bacteriol 190: 2488—2495.

Horswill, A.R., and Escalante-Semerena, J.C. (1999a) The
proE gene of Salmonella typhimurium LT2 encodes
propionyl-CoA synthetase. Microbiology 145 (Part 6):
1381-1388.

Horswill, A.R., and Escalante-Semerena, J.C. (1999b) Sal-
monella typhimurium LT2 catabolizes propionate via the
2-methylcitric acid cycle. J Bacteriol 181: 5615-5623.

Horswill, A.R., and Escalante-Semerena, J.C. (2001) In vitro
conversion of propionate to pyruvate by Salmonella
enterica enzymes: 2-methyicitrate dehydratase (PrpD)
and aconitase enzymes catalyze the conversion of
2-methylcitrate to 2-methylisocitrate. Biochemistry 40:
4703-4713.

Horswill, A.R., and Escalante-Semerena, J.C. (2002) Char-
acterization of the propionyl-CoA synthetase (PrpE)
enzyme of Salmonella enterica: residue Lys592 is required
for propionyl-AMP synthesis. Biochemistry 41: 2379-2387.

Jones, D.M., and Mallard, R.H. (1993) Age incidence of
meningococcal infection England and Wales, 1984—-1991.
J Infect 27: 83-88.

Kononen, E. (2005) Anaerobes in the upper respiratory tract
in infancy. Anaerobe 11: 131-136.

Kononen, E., Kanervo, A., Takala, A., Asikainen, S., and
Jousimies-Somer, H. (1999) Establishment of oral anaer-
obes during the first year of life. J Dent Res 78: 1634—
1639.

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 93, 346-355



Kononen, E., Syrjanen, R., Takala, A., and Jousimies-Somer,
H. (2003) Nasopharyngeal carriage of anaerobes during
health and acute otitis media by two years of age. Diagn
Microbiol Infect Dis 46: 167-172.

London, R.E., Allen, D.L., Gabel, S.A., and DeRose, E.F.
(1999) Carbon-13 nuclear magnetic resonance study of
metabolism of propionate by Escherichia coli. J Bacteriol
181: 3562-3570.

Marri, P.R., Paniscus, M., Weyand, N.J., Rendon, M.A.,
Calton, C.M., Hernandez, D.R., etal. (2010) Genome
sequencing reveals widespread virulence gene exchange
among human Neisseria species. PLoS ONE 5: e11835.

Mourelatos, K., Eady, E.A., Cunliffe, W.J., Clark, S.M., and
Cove, J.H. (2007) Temporal changes in sebum excretion
and propionibacterial colonization in preadolescent chil-
dren with and without acne. Br J Dermatol 156: 22-31.

Munoz-Elias, E.J., Upton, A.M., Cherian, J., and McKinney,
J.D. (2006) Role of the methylcitrate cycle in Mycobacte-
rium tuberculosis metabolism, intracellular growth, and
virulence. Mol Microbiol 60: 1109—-1122.

Nasidze, I., Li, J., Quinque, D., Tang, K., and Stoneking, M.
(2009) Global diversity in the human salivary microbiome.
Genome Res 19: 636—643.

Niederman, R., Buyle-Bodin, Y., Lu, B.Y., Robinson, P., and
Naleway, C. (1997) Short-chain carboxylic acid concentra-
tion in human gingival crevicular fluid. J Dent Res 76:
575-579.

Olsen, S.F., Djurhuus, B., Rasmussen, K., Joensen, H.D.,
Larsen, S.0O., Zoffman, H., and Lind, I. (1991) Pharyngeal
carriage of Neisseria meningitidis and Neisseria lactamica
in households with infants within areas with high and low
incidences of meningococcal disease. Epidemiol Infect
106: 445-457.

Prentki, P., and Krisch, H.M. (1984) In vitro insertional
mutagenesis with a selectable DNA fragment. Gene 29:
303-313.

Ren, J., Sainsbury, S., Combs, S.E., Capper, R.G., Jordan,
P.W., Berrow, N.S., et al. (2007) The structure and tran-
scriptional analysis of a global regulator from Neisseria
meningitidis. J Biol Chem 282: 14655-14664.

Utilization of propionic acid by N. meningitidis 355

Sim, R.J., Harrison, M.M., Moxon, E.R., and Tang, C.M.
(2000) Underestimation of meningococci in tonsillar tissue
by nasopharyngeal swabbing. Lancet 356: 1653—1654.

Simanshu, D.K., Savithri, H.S., and Murthy, M.R. (2005)
Crystal structures of ADP and AMPPNP-bound propionate
kinase (TdcD) from Salmonella typhimurium: comparison
with members of acetate and sugar kinase/heat shock
cognate 70/actin superfamily. J Mol Biol 352: 876—-892.

Stahringer, S.S., Clemente, J.C., Corley, R.P., Hewitt, J.,
Knights, D., Walters, W.A., etal. (2012) Nurture trumps
nature in a longitudinal survey of salivary bacterial commu-
nities in twins from early adolescence to early adulthood.
Genome Res 22: 2146-2152.

Takahashi, N., Sato, T., and Yamada, T. (2000) Metabolic
pathways for cytotoxic end product formation from
glutamate- and aspartate-containing peptides by Porphy-
romonas gingivalis. J Bacteriol 182: 4704—4710.

Takeda, I., Stretch, C., Barnaby, P., Bhatnager, K., Rankin,
K., Fu, H., et al. (2009) Understanding the human salivary
metabolome. NMR Biomed 22: 577-584.

Tettelin, H., Saunders, N.J., Heidelberg, J., Jeffries, A.C.,
Nelson, K.E., Eisen, J.A., et al. (2000) Complete genome
sequence of Neisseria meningitidis serogroup B strain
MC58. Science 287: 1809-1815.

Textor, S., Wendisch, V.F., De Graaf, A.A., Muller, U., Linder,
M.l., Linder, D., and Buckel, W. (1997) Propionate oxida-
tion in Escherichia coli: evidence for operation of a meth-
ylcitrate cycle in bacteria. Arch Microbiol 168: 428—
436.

Upton, A.M., and McKinney, J.D. (2007) Role of the methyl-
citrate cycle in propionate metabolism and detoxification in
Mycobacterium smegmatis. Microbiology 153: 3973-3982.

Yazdankhah, S.P., and Caugant, D.A. (2004) Neisseria men-
ingitidis: an overview of the carriage state. J Med Microbiol
53: 821-832.

Supporting information

Additional supporting information may be found in the online
version of this article at the publisher's web-site.

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 93, 346—355



