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Prevalence of the lmo0036-0043 gene cluster
encoding arginine deiminase and agmatine
deiminase systems in Listeria monocytogenes
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Listeria monocytogenes is a significant pathogen
for both humans and animals that comprises four
phylogenetic lineages with different but overlap-
ping ecological niches (Liu, 2006; Orsi et al.,
2010). While lineages I and II account for at least
95% of strains from foods and patients, lineages
III and IV (previously designated sublineage II-
IB) are predominantly isolated from ruminants
and other non-primate mammals (Orsi et al.,
2010; Swaminathan and Gerner-Smidt, 2007).
Lineage III is further distinguished into three sub-
populations, IIIA-1, IIIA-2 and IIIC, with IIIA-2
strains constituting possible evolutionary inter-
mediates between L. monocytogenes and non-
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pathogenic species L. innocua (Chen et al., 2009a;
Liu et al., 2006; Zhao et al., 2010).
The virulence potential of L. monocytogenes is
linked to its ability to survive acidic conditions
encountered both in natural environments and
subsequently within the host (Gandhi and
Chikindas, 2007; Ryan et al., 2008; Sleator et al.,
2009). It is important to understand the mecha-
nisms which L. monocytogenes utilizes to over-
come this hurdle, as they may in turn point to
strategies for controlling this pathogen. The argi-
nine deiminase (ADI) and agmatine deiminase
(AgDI) systems have been characterized in seve-
ral Gram positive and Gram negative bacteria,
e.g., Streptococcus pyogenes, Streptococcus mu-
tans, Streptococcus suis, Enterococcus faecalis,
and Lactobacillus brevis, and implicated in bac-
terial resistance to acidic environments (Degnan
et al., 2000; Griswold et al., 2004; Gruening et al.,
2006; Llacer et al., 2007; Lucas et al., 2007).
Homologues of ADI and AgDI systems (Chen et
al., 2009b; Ryan et al., 2009) were also found in

Arginine deiminase and agmatine deiminase systems are involved in acid tolerance, and their encoding genes form
the cluster lmo0036-0043 in Listeria monocytogenes. While lmo0042 and lmo0043 were conserved in all L. monocyto-
genes strains, the lmo0036-0041 region of this cluster was identified in all lineages I and II, and the majority of linea-
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the presence of the complete lmo0036-0043 cluster is dependent on lineages. lmo0036-0043-complete and -deficient
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the genomes of L. monocytogenes. Additionally,
the glutamate decarboxylase (GAD) system me-
diates another pathway involved in acid tolerance
in L. monocytogenes (Cotter et al., 2001; Cotter et
al., 2005). In contrast to three GAD homologs
scattered in distinct loci (Cotter et al., 2005), the
genes encoding ADI and AgDI systems form the
cluster lmo0036-0043 (Figure 1A) (Chen et al.,
2009b; Chen et al., 2011a). Ryan et al. identified
the functional ADI (encoded by lmo0043) in ini-
tiating the ADI pathway (2009). Chen et al. de-
termined the role of AgDI (encoded by lmo0038)
in acid stress response, which triggers the AgDI
pathway (2009b). Chen et al. further revealed that
Lmo0036 represents the first example of car-
bamoyltransferase which is able to catalyze re-
versible ornithine and putrescine carbamoyl-

transfer reactions, promoting ADI and AgDI path-
ways (2011a). Additionally, this cluster contains
lmo0040, lmo0037, lmo0039 and lmo0041, en-
coding the other paralog of AgDI, a membrane-
bound transporter, carbamate kinase and a pu-
tative transcriptional regulator respectively (Chen
et al., 2011a; Ryan et al., 2009). Using the murine
model of infection, we have established roles for
the ADI and AgDI systems in the virulence of L.
monocytogenes (Chen et al., 2009b; Chen et al.,
2011a; Ryan et al., 2009). To our knowledge, L.
monocytogenes represents the first example har-
boring ADI and AgDI systems in the same genet-
ic locus.
Given their importance in mediating bacterial
acid tolerance, it is critical to clarify the preva-
lence of these systems. Chen et al. revealed that
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TABLE 1 - Distribution of arginine deiminase (ADI) and agmatine deiminase (AgDI) systems 
in L. monocytogenes strains.

Lineage/ Serovar ascB-dapE Subtotal No. (%) of Listeria strains

Subgroup profile gadD1 lmo0036-0041 lmo0042-0043 
positive positive positive

I 1/2b inlC2DE 28 0/28 (0%) 28/28 (100%) 28/28 (100%)
inlGC2DE 1 1/1 (100%) 1/1 (100%) 1/1 (100%)

4b inlC2DE 29 0/29 (0%) 29/29 (100%) 29/29 (100%)
Subtotal 58 1/58 (1.7%) 58/58 (100%) 58/58 (100%)

II 1/2a inlC2DE 17 0/17 (0%) 17/17 (100%) 17/17 (100%)
inlGC2DE 35 35/35 (100%) 35/35 (100%) 35/35 (100%)
inlGHE 2 2/2 (100%) 2/2 (100%) 2/2 (100%)

1/2c inlGC2DE 3 3/3 (100%) 3/3 (100%) 3/3 (100%)
inlGHE 15 15/15 (100%) 15/15 (100%) 15/15 (100%)

Subtotal 72 55/72 (76.4%) 72/72 (100%) 72/72 (100%)

IIIA 4a inlGC2DE 3 3/3 (100%) 0/3 (0%) 3/3 (100%)
None 17 0/17 (0%) 0/17 (0%) 17/17 (100%)

4b inlGC2DE 2 2/2 (100%) 0/2 (0%) 2/2 (100%)
4c inlGC2DE 1 1/1 (100%) 0/1 (0%) 1/1 (100%)

None 5 0/5 (0%) 0/5 (0%) 5/5 (100%)
Subtotal 28 6/28 (21.4%) 0/28 (0%) 28/28 (100%)

IIIC 4a inlC2 4 0/4 (0%) 0/4 (0%) 4/4 (100%)
4b inlC2 1 0/1 (0%) 0/1 (0%) 1/1 (100%)
4c inlC2 2 0/2 (0%) 0/2 (0%) 2/2 (100%)

Subtotal 7 0/7 (0%) 0/7 (0%) 7/7 (100%)

IV 4a None 6 0/6 (0%) 4/6 (66.7%) 6/6 (100%)
4b None 4 0/4 (0%) 4/4 (100%) 4/4 (100%)
4c None 2 0/2 (0%) 2/2 (100%) 2/2 (100%)

Subtotal 12 0/12 (0%) 10/12 (83.3%) 12/12 (100%)

Total 177 62/177 (35.0%) 140/177 (79.1%) 177/177 (100%)



the presence of gadD1 is not dependent on line-
ages or serovars but correlates with ascB-dapE
internalin profiles (2012a). Preliminary studies
showed that the complete lmo0036-0043 cluster
was only identified in lineages I and II (Chen et
al., 2009b). To examine whether ADI and AgDI
systems are specific to lineage, serovar or certain
subpopulation, we performed a systematic in-
vestigation on the prevalence of lmo0036-0043
cluster in L. monocytogenes strains.
A total of 177 L. monocytogenes strains were ex-
amined. These included 58 lineage I (29 serovar
1/2b, 29 serovar 4b), 72 lineage II (54 serovar
1/2a, 18 serovar 1/2c), 35 lineage III (24 serovar
4a, three serovar 4b, eight serovar 4c) and 12
lineage IV (six serovar 4a, four serovar 4b, two
serovar 4c) strains (Table 1), typed by phyloge-
netic analysis of actA (Wiedmann et al., 1997)
and classical serotyping (Schonberg et al., 1996).
Thirty-five lineage III strains represented sub-
lineages IIIA-1 (n=6), IIIA-2 (n=22), and IIIC
(n=7) characterized by polyphasic approaches
as previously described (Zhao et al., 2011). ascB-
dapE internalin profiles were characterized as
previously shown (Chen et al., 2009c; Chen et
al., 2012a; Chen et al., 2012b). Also analyzed
were ten L. innocua strains belonging to four
evolutionary subgroups (Chen et al., 2010), as
well as three L. welshimeri, two L. ivanovii, two
L. seeligeri and two L. grayi strains.
Listeria strains were retrieved from glycerol
stocks maintained at -80oC, and cultured in
brain heart infusion broth (BHI; Oxoid,
England) at 37oC. Primers were designed using
Primer 3, and synthesized by Invitrogen
Biotechnology (Shanghai, China). The speci-
ficities of primers targeting lmo0036-0043 genes
were verified using L. monocytogenes strains
F2365 (lineage I) (Nelson et al., 2004), EGD-e
(lineage II) (Glaser et al., 2001) and M7 (lineage
III) (Chen et al., 2011b), whose complete genome
sequences were known, and strains belonging
to another 14 bacterial genera, as positive and
negative controls respectively. The genetic or-
ganization of the lmo0036-0041 region was fur-
ther determined by long-distance PCR targeting
lmo0035 and lmo0042. The PCR reaction was
conducted using the PT-200 thermal cycler (MJ,
USA). For DNA sequencing analysis, PCR frag-
ments were purified using the AxyPrep DNA Gel
Extraction Kit (Axygen, USA) and ligated into

pMD18-T (TaKaRa). The recombinant plasmids
were sequenced by dideoxy method on ABI-
PRISM 377 DNA sequencer.
Systematic investigations were conducted on the
eight genes within the lmo0036-0043 cluster.
While lmo0042 and lmo0043 were conserved in
all L. monocytogenes strains, the lmo0036-0041
region of this cluster was identified in 140 L.
monocytogenes strains (79.1%), including all lin-
eages I (58/58, 100%) and II (72/72, 100%) strains,
and the majority of lineage IV (10/12, 83.3%)
strains (Table 1). 
All sublineages IIIA-1 (6/6, 100%), IIIA-2 (22/22,
100%) and IIIC (7/7, 100%), and a small fraction
of lineage IV (2/12, 16.7%) strains lacked the
lmo0036-0041 region (Table 1). Long-distance
PCR targeting lmo0035 and lmo0042 further con-
firmed the above results. Two lmo0036-0041-neg-
ative lineage IV strains belonged to serovar 4a,
however, the other four lineage IV serovar 4a
strains and all 24 lineage III serovar 4a strains
contained this region (Table 1), suggesting the
presence of a complete lmo0036-0043 cluster was
dependent on lineages but not on serovars. In ad-
dition, L. ivanovii, which mainly infects ungulat-
ed animals, also carried the complete lmo0036-
0043 cluster, while another four nonpathogenic
Listeria species, representing saprophytes that
have adapted to free-living in soil and decaying
vegetation, lacked the lmo0036-0041 region (da-
ta not shown).
Our previous studies demonstrated that the ascB-
dapE locus exhibits great diversity of internalin
profiles, which serve as a potential marker for un-
derstanding the population structure and evolu-
tionary history of L. monocytogenes (Chen et al.,
2009c; Chen et al., 2012a; Chen et al., 2012c).
Here, we examined the genetic relationship be-
tween the presence of ADI and AgDI systems and
ascB-dapE profiles using a larger strain collec-
tion. The presence of a complete lmo0036-0043
cluster in L. monocytogenes was not fully related
to ascB-dapE profiles (Table 1). 
Interestingly, lmo0036-0043-complete and -defi-
cient lineage IV strains exhibited a specific ge-
netic organization of the ascB-dapE locus (Figure
1B). Ten lmo0036-0043-complete strains, regard-
less of serovars, harbored two genes encoding pu-
tative ABC transporters and one gene encoding
a hypothetical protein (Figure 1B). Small stretch-
es reminiscent of inlG (two segments with lengths
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of 119 bp and 40 bp) and inlE (two segments with
lengths of 155 bp and 203 bp) were found be-
tween these genes and dapE (Figure 1B). On the
other hand, two lmo0036-0043-deficient lineage
IV strains bore nothing except for shorter relics
of inlE (22 bp) (Figure 1B).
ADI and AgDI systems are involved in listerial
acid tolerance, and contribute to the enhanced
adaption to acidic conditions in the host gas-
trointestinal tract, which is the key stage to initi-
ate listerial infection (Chen et al., 2009b; Chen et
al., 2011a; Ryan et al., 2009). 
Molecular evolution of ADI and AgDI systems
might be a consequence of adaption to various
environments that present various stress condi-
tions for bacterial growth and survival. The
lmo0036-0043 cluster encoding ADI and AgDI
systems is conserved in L. monocytogenes lineag-

es I and II and the majority of lineage IV strains,
but lacks the lmo0036-0041 region in all lineage
III and a small portion of lineage IV strains, sug-
gesting that the presence of a complete lmo0036-
0043 cluster is dependent on lineages. lmo0036-
0043-complete and -deficient lineage IV strains
exhibit specific ascB-dapE profiles and might rep-
resent two subpopulations with distinct genetic
characteristics adapting to different environ-
mental niches. Further studies should be carried
out to determine the expression and regulation
of these genes under different conditions, and to
examine the host specificities and pathogenicity
of lmo0036-0043-complete and -deficient strains,
with the purpose of establishing potential roles
of ADI and AgDI systems in listerial survival un-
der environmental stresses and pathogenesis
within the host.

190 J. Chen, F. Chen, C. Cheng, W. Fang

FIGURE 1 -Genomic organization of (A) the lmo0036-0043 cluster encoding arginine deiminase and agmatine deim-
inase systems in L. monocytogenes and (B) the ascB-dapE locus among L. monocytogenes lineage IV strains. The di-
versity of gene contents (in white) is delimited by conseved genes (in dark grey). Arrows indicate gene orientation.
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