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1. Introduction 

ABSTRACT 

Clrutridium perfringens possesses the ethanolamine (EA) utilization (eut) system encoded within the eut operon, 
which utilizes the EA as a carbon, nitrogen and energy source. To determine the role of the eut system in C. 
perfringens growth, an in-frame deletion of the eutABC genes was made in strain HN13 to generate the eutABC­
deleted mutant strain HY1701. Comparison of HN13 and HYI 701 growth in media supplemented with 1.0% 
glucose and/or 1.0% EA showed that glucose enhanced the growth of both strains, whereas EA enhanced HNl 3 
growth, but not that of HYl 701, indicating that the eut system is necessary for C. perfringens to utilize EA. The 
two-component regulatory system EutVW is needed to induce eut gene expression in response to EA whereas the 
global virulence regulator VirRS differentially controlled eut gene expression depending on glucose and EA 
availability. To assess the role of the eut system in vivo, an equal number of HN13 and HY1701 cells were 
injected into the right thigh muscles of mice. Mice infected with HYl 701 showed fewer symptoms than those 
injected with HN13. The mortality rate of mice infected with HYl 701 tended to be lower than for mice infected 
with HN13. In addition, in infected tissues from mice injected with a mixture of HN13 and HY1701, HN13 
outnumbered HYl 701. PCR screening demonstrated that C. perfringens isolated from gas gangrene and sporadic 
diarrhea cases carried both eut genes and the perfringolysin O gene (pfaA) as well as the phospholipase C gene 
(pie). However, pfoA was not detected in isolates from food poisoning patients and healthy volunteers. Culture 
supematants prepared from HN13 grown in media containing 7.5% sheep red blood cells induced significantly 
higher eutB expression levels compared to those from plc- and/or pfoA-deletion mutants. Together, these results 
indicate that the eut system plays a nutritional role for C. perfringens during histolytic infection. 

Clostridiwn perfringens is a spore-forming anaerobic Gram-positive 
rod that is distributed across a wide range of environments such as soil 
and the mammalian gut. This anaerobe produces a variety of toxins and 
causes severe diseases such as gas gangrene, foodbome illness, necro­
tizing enteritis and septicemia. According to the productivity of a-, �-. 
£·, and 1-toxins, C. perfringens can be grouped into five toxinotypes: A, B, 
C, D, and E. The majority of isolates from gas gangrene and foodbome 
illness belong to Type A (producing a-toxin alone) [ 1]. 

hyaluronjdase, resulting in myonecrosis [3]. The necrotized tissue 
provides a suitable environment for C. perfringens growth that is anae­
robic, nutrient-rich (a large amount of degraded host cells) and im­
munologically isolated due to poor blood supply. Although the viru­
lence factors that are involved in tissue degradation have been analyzed 
in a number of studies [4], there are limited data concerning the nu­
tritional factors that support the growth of C. perfringens in necrotized 
tissues. 

Ethanolamine (EA) is a predominant component of lipid membranes 
in both prokaryotes and eukaryotes and is widely present in mamma­
lian tissues and intestinal contents [5-7]. Since EA contains both carbon 
and nitrogen atoms, this amine can serve as carbon and/or nitrogen 
sources for bacteria that possess an EA utilization (eut) system (8--12]. 
The eut system encoded by the eut operon is composed of an EA 

Gas gangrene is a severe disease characterized by massive tissue 
destruction and gas accumulation in infected tissues [2]. C. perfringens 

invades subcutaneous tissues through injured skin and produces a 
variety of toxins and histolytic enzymes such as collagenase and 
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transporter and metabolic enzymes, which form a protein complex re­
ferred to as the "carboxysome" that has structural shell proteins [13]. 
The carboxysome contributes to the conservation of volatile metabo­
lites (acetaldehyde) and enzyme condensation suCh as ethanolamine 
ammonia lyase (EAL). 

EA is taken into the cells by EutH and is first metabolized into 
acetaldehyde and ammonia by the action of EAL (EutBC) (13] before 
further metabolism for use as a carbon and nitrogen source, respec­
tively. Recent studies reported that Salmonella and enterohemorrhagic 
Escherichia coli (EHEC) use EA in vivo, and the eut system is associated 
with their virulence (14-16]. In Salmonella Typhimurium, EA utiliza­
tion was shown to support the growth of this enteric pathogen within 
the inflamed gut (17]. 

In C. perfringens, the eut operon is included in a strain-specific ge­
netic island that is absent in some strains (18,19]. Notably, a genomic 
comparison demonstrated that two strains (strain 13 and ATCC13124) 
that have the potential to cause gas gangrene carried the eut operon, but 
a strain (SMlOl) from patients with foodborne disease did not (18]. 
Based on these findings, we speculated that the eut system could sup­
port C. perfringens growth in necrotic tissues since the EA could be I'e­
leased from cells that are lysed due to the actions of toxins and histo­
lytic enzymes. 

In this study, we aimed to determine the role of the eut system in C. 
perfringens growth. The results. showed that genetic disruption of EAL 
genes reduced EA-dependent growth o.f C. perfringens both in Vitro and 
in viva, indicating that the eut system supports the growth of this pa­
thogen in necrotic tissues. 

2. Materials and methods 

2.1, Bacterial strains and culture conditions 

The bacterial strains and plasmids used in this study are listed in 
Table S1. C. perfringens included three genome-sequenced strains (13, 
ATCC13124, and SMlOl) as well as isolates from food poisoning and 
diarrhea patients and feces from a healthy individual. C. difficUe 
ATCC9689, C. tetani KZl 113, and C. acetobutyUcum ATCC824 were used 
for PCR screening of eutB and pfoA. C. perfringens HN13 [20], which 
lacks galKT genes, was used as a parent strain to generate eut gene 
mutants. C. perfringens mutants for plc (HN1301), pfoA (HN1307); virRS 
(HN1303) and six virulence-related genes (HN1314 lacking the genes 
for a-toxin, clostripain, collagenase, perfringolysin O and two major 
se�eto:ry proteins, CPE1281 and a putative cell wail lytic en­
dopeptidase) were constructed in a previous study (20]. Escherichia coli 
DH5a was used as a host strain for plasmid construction. E. coli strains 
were cultured in lysogeny broth (LB) or on LB agar plates. C. perfringens 
strains were anaerobically grown in liquid Gifu Anaerobic Medium 
(GAM; Nissui Pharmaceutical Co., Tokyo, Japan), TY broth (0.8% Bacto 
Tryptone, 1.2% Bacto Yeast Extract, 0.5% NaCl) oron GAM plates using 
the AnaeroPack System (Mitsubishi Gas Chemical Co., Inc., Tokyo, 
Japan). If necessary, chloramphenicol (Cm) was added to the media at 
5 µg/ml and 10 µg/ml for E. coli and C. perfringens, respectively. 

2.2. Plasmid construction and in-frame gene deletion 

The eutABC and eutVW genes were deleted from the C. perfringens 

HN13 chromosome, according to counterselectable in-frame deletion 
methods reported by Nariya et al. (20]. In brief, fragments upstream (N­
fragment) and downstream CC-fragment) of the target genes were se­
parately amplified using the primer sets NS/N3 and C5/C3, respec­
tively. The amplicons were mixed and fused by a second PCR (primer 
set N5/C3) via overlapping sequences that were incorporated into the 
N3 and CS primers. The obtained product was cloned into pCM-GALK 
[20] that was used to construct the integration plasmids, pCM-GALK­
.6.eutABC-IF and pCM-GALK-.6.eutVW-IF, respectively. These targeting 
plasmids were introduced into C. perfringens - HN13 (AgalK1) by 
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electroporation. The plasmid-integrated mutants were screened by 
cultivation on GAM agar plates containing 10 µg/ml Cm (GAM-CmlO). 
Precise integration was confirmed by PCR that amplified the junctions 
between the integrated plasmid and the chromosome. The selected 
mutants were replica plated on GAM-CmlO and GAM agar plates con­
taining 3% galactose (GAM-GA3) and incubated anaerobically at 37 •c 

for Sh. We selected Cm-sensitive colonies that grew well on GAM-GA3 
as candidates for deletion mutants. These candidates were then PCR 
amplified using primer sets encompassing the deletion site to dis­
criminate the expected mutants from the revertants. PCR primers used 
for construction of eu.t gene mutants are listed in Table S2. 

2.3. In vitro growth comparison 

Single colonies of C. perfringens HN13 (parent strain), HY1701 
(.6.eutABC), HYl 702 (.6.eutVW) or HN1303 (.6.virRS) grown on GAM agar 
plates were inoculated into TY broth and incubated anaerobically at 
37 •c for 8 h. An aliquot (0.1 ml) of this culture was added to 10 ml 
freshly prepared TY broth and TY broth containing either 1 % glucose 
(1Y-Gl), 1%.EA (TY-EAl) or both (TY-Gl/EAl). After 8 h  cultivation, 
optical densities at 600 nm (0D600) and culture pH were measured to 
compare the growth in the four media types. Data were collected for 
four independent experiments and the differences were statistically 
analyzed by ANOVA followed by Tukey-Kramer test. p values < 0.05 
were considered to be significant. Ethanolamine hydrochloride was 
pU:rchased from Sigma-Aldrich, Japan (Tokyo). 

2.4. Ethanolamine ammonia lyase inhibition by hydroxocobalamin 

(OHCbl) 

The vitamin Bt2 derivative OHCbl was reported to irreversibly in­
hibit EAL activity (21]. Thus, 10, so,·100, or 200µM OHCbl (Sigma­
Aldrich Japan, Tokyo) was added to the media (TY-EAl) and the 
growth of C. perfringens HN13, HY1701, ATCC13124 and SMlOl under 
anaerobic incubation at 37 °C was monitored across a time course. Data 
were collected for four independent experiments and the differences 
were statistically analyzed by ANOVA followed by Dunnett's test. p 
values < 0.05 were considered to be _significant 

2.5. PCR screening of eutB and pfoA 

The distributions of eutB, enterotoxin gene (cpe), plc and pfoA in 19 
C. perfringens strains (two gas gangrene strains and 17 from patients 
with foodbome illness or sporadic diarrhea, as well as from a healthy 
subject), C. difficile ATCC9689, C. tetani KZ1113, and C. acetobutylicum 

ATCC824 were examined by PCR using the primers EutB-FW and EutB­
RV for eutB, and pfoA-F and pfoA-R for pfoA. The primer sequences are 
listed in Table S2. Genomic DNA (20 ng) was used as a template for PCR 
with preheating at 98 °C for 1 min, 35 cycles of denaturation at 98 °C for 
30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 1 min, fol­
lowed by an additional final extension at 72 •c for 3 min. PCR products 
were visualized by ethidium bromide staining after electrophoresis in 
2% agarose gels. 

2.6. Quantitative real time PCR (qPCR) for eutB 

The eutB expression levels in HN13, HY1701, HY1702 and HN1303 
cultured in TY, TY-Gl, TY-EAl or TY-Gl/EAl were compared by qPCR. 
To assess the functional association of the pfoA and eut system, HN13, 
HN1301 (l\plc), HN1307 (.1pfoA) or HN1314 cells were incubated in 
phosphate-buffered saline (PBS, pH 7.4) containing 7.5% defibrinated 
sheep red blood cells (RBCs) for 2 h at 37 •c. After incubation, the 
mix.hires were centrifuged at 10,000 g for 5 min at 4 °c and then fil­
tered. Each culture supernatant was equally mixed with fresh TY 

medium. HN13 was cultured in the media for 2 h  at 37 °c. Total RNA 
was extracted by the hot phenol method (22]. RNAs were further 
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Fig. 1. Diagram of the eut operon in C. pe,frlngens HN13. The genetic organization of the eut operon in HN13 is identical to that of C. perfringens strain 13. The 
genes encoding products related to ethanolamine catabolism are labeled alphabetically. Deletion sites in HYl 701 and HYl 702 are shown below the gene map. The 
previously reported anti-terminator elements containing the ANTR motif (AGCAANGRRGCUY) are shown by a hairpin structure. The coding function of each gene is 
listed in Table S3. 

purified using an RNeasy CleanUp Kit (Qiagen) and treated with 
TURBO DNA-free (Arnbion) to remove contaminating DNAs. Total RNA 
was reverse-transcribed using a PrimeScript RT reagent kit (Takara 
Shuzo Co., Ltd.) with random hexamers at 37 •c for 15 min. Reverse 
transcription was terminated by heating the mixtures at 85 •c for 5 s. 
The cDNA products were subsequently amplified using SYBR Premix 
Ex-Taqll (Takara) under the following conditions: preheating at 95 •c 
for 10 s followed by 40 cycles of 95 •c for 5 s and 60 •c for 34 s in a 
StepOnePlus apparatus (Applied Biosystems). All samples were run in 
triplicate. Threshold cycle values were normalized to the levels of 16S 
ribosomal RNA gene transcripts, and changes in gene expression were 
calculated using the '];fdC method [23).  Data were collected for four 
independent experiments and the differences were statistically analyzed 
by ANOVA followed by Tukey-Kramer test. p values < 0.05 were 
considered to be significant. The oligonucleotide sequences of the pri­
mers used for eutB qPCR are listed in Table S2. 

2.7. Comparison of C. perfringens growth in a gas gangrene mouse model 

C. perfringens HN13 and HYl 701 were cultured anaerobically in 
10 ml TY-Gl broth at 37 ·c for 12 h. After the cultures were centrifuged 
at 5000 g for 5 min at room temperature, the pellets were washed once 
with PBS, and finally resuspended in PBS with the cell density adjusted 
to 1 x 109 cfu/ml. The pathogenic potential to cause gas gangrene was 
compared between the strains according to the gas gangrene mouse 
model using C. septicum reported by Kennedy et al. [24). Five 8-week­
old male ddY mice per group were used in this study. The mice were 
deeply anesthetized and intramuscularly injected with 100 µI 
(1 x 108 cells) cell suspension ofHN13 or HY1701 into the right thigh. 
The mice were observed every hour to evaluate malaise, limping, 
swelling and blackening of the right thigh and foot pad as parameters 
for the severity of infection and scored using the following grades: 
slight, O; moderate, + 1; and severe, + 2. Cumulative scores of five mice 
were compared between the HN13- and HY1701-injected groups. To 
compare the competitive growth, 5.0 x 107 cells of both C. perfringens 
HN13 and HYl 701 were mixed and injected into the right thighs of five 
mice. At 24 h after infection, the right thigh muscles were aseptically 
collected and homogenized in 10 vol of PBS. Serial dilutions of the 
homogenates or inocula of C. perfringens were made with PBS and 
100µ1 each of the dilution was plated on GAM agar plates. The plates 
were then anaerobically incubated at 37 °C overnight, and the viable 
cell number per gram of infected muscle was calculated from the colony 
counts. Multiplex colony PCR using the primer sets EutB-FW/EutB-RV 
and eutABC-SQ1/eutABC-SQ2, which amplify eutB and confirm eutABC 
deletion, respectively, was performed on 96 colonies to discriminate 
parent HN13 from HY1701 cells. Differences in the HN13/HY1701 ratio 
of the inoculum and the infected muscles were statistically examined by 
chi-square test. The cumulative pathological scores were statistically 
compared by log-rank test. p values < 0.05 were considered to be 
significant. 

2.8. Ethics 

All animal experiments were performed according to Kagawa 
University guidelines for animal experiments. The experimental 
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protocol was approved by the animal experiment committee of Kagawa 
University (approved number: 156-1). 

3. Results 

3.1. Genetic deletion of eutABC and eutVW in C. perfringens HN13 

The genetic organization of the eut operon in C. perfringens HN13 is 
shown in Fig. l . This locus contains 15 eut genes, 3 genes for 1,2-pro­
pandiol utilization and a gene of unknown function (Table S3). The eutB 
and eutC encode EAL, which is a key enzyme for EA utilization. The 
eutV and eutW encode a response regulator and a sensor histidine ki­
nase, respectively, which constitute a two-component regulatory 
system (TCS). We made an in-frame deletion of a 3685 bp fragment 
containing eutABC to eliminate eut function to generate strain HYl 701. 
In strain HY1702, a 2024 bp fragment containing eutVWwas deleted in­
frame to assess the function of this TCS in EA sensing. 

3.2. Role of the eut operon for in vitro growth of C. perfringens 

The growth of HN13, HY1701, HY1702 and HN1303 was assessed 
in TY broth alone and TY broth containing glucose (TY-Gl), ethanola­
mine (TY-EAl) or both (TY-Gl/EAl). HN13 growth was significantly 
enhanced in TY-Gl, TY-EAl and TY-Gl/EAl compared to TY broth 
(p < 0.05; Fig. 2A) and the culture pH decreased concurrently with 
growth (Table S4). Meanwhile, compared to TY broth, HY1701 and 
HY1702 growth was enhanced in TY-Gl and TY-Gl/EAl but not TY­
EAl. These results indicate that C. perfringens can use EA as an energy 
source and that the eut system is essential for utilization of EA. Glucose 
(1 %) enhanced the growth of all test strains much more than did EA 
(Fig. 2B). This growth promotion by glucose was reduced in eut-positive 
strains (HN13 and HN1303) when EA was supplied (Fig. 2A). In addi­
tion, virRS deletion reduced the growth-promoting effect of glucose 
(Fig. 2B). 

3.3. Inhibitory effect of OHCbl on C. perfringens EA utilization 

EAL is a key enzyme in the eut system and requires adenosykoba­
lamin as a cofactor. The irreversible EAL inhibitor hydroxocobalamin 
(OHCbl) was added to TY-EAl broth at a final concentration of 
10-200µM and growth of C. perfringens HN13, HY1701, ATCC13124 
and SM101 was monitored by OD600 of 8 h cultures. OHCbl dose-de­
pendently inhibited the growth of eut-positive C. perfringens (HN13 and 
ATCC13124) in TY-EAl (Fig. 3). In contrast, OHCbl had no effect on the 
growth of the eut-negative C. perfringens strains HYl 701 and SMl 01. 

3.4. Distribution of the eut operon in closlridia 

PCR screening of eutB was performed to examine the distribution of 
the eut system in C. perfringens and related species. Multiplex PCR de­
tected eutB in gas gangrene (13 and ATCC13124) and plasmid-cpe po­
sitive strains, whereas no product was generated from chromosomal 
cpe-positive strains (Table 1). The pie gene was amplified from all C. 
perfringens strains tested, whereas pfoA encoding the pore-forming 
perfringolysin O (PFO) was present in C. perfringens from gas gangrene, 
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Fig. 2. C. pe.rfringens growth enhancement by EA. (A) Growth of each test 
strain in different media types. The presence and absence of glucose or EA in 
the culture is indicated by + and -, respectively. (B) Growth comparisons 
among the test strains in each media type. Growth of 8 h cultures in TY, 
Tryptone Yeast broth; TY-Gl, TY containing 1 % glucose; TY-EAl, TY containing 
1% EA or TY-Gl/EAl, TY containing 1% glucose and EA was measured at 
0D600• The data are expressed as mean ± standard deviations from four in­
dependentreplicates. The samples labeled with different letters are significantly 
different from each other (p < 0.05). 
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HN13 HY1701 ATCC13124 

(AeutABC) 
SM101 

00µM OHCbl 

0101iMOHCbl 
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Fig. 3. Inhibitory effect of OHCbl on C. perfringens growth C. perjri:ngens 
strains were cultured in TY containing 1 % EA and indicated concentration of 
OHCbl. The data are expressed as mean ± standard deviations from four in­
dependent replicates. Significant differences rclative to cultures without OHCbl 
for each strain are indicated by ** (p < 0,01) and * (p < ,0,05). 
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Table 1 
PCR survey for eutB, cpe and pfoA in clostridia. 

Strain Source eutB pie cpe cpe location pfoA 

Clostrldiwn perfrlngens 
Strain 13 Soll (known to 

cause gas gangrene 
In mice) 

ATCC13124 Type strain, gas 
gangrene 

SM101 Type strain, 
NCTC8798 
derivative 

NCTC8798 Food poisoning 
NCI'C8239 Food poisoning 
W4232 Food poisoning 
W5837 Food poisoning 
W6235 Food poisoning 
OSAKA! Food poisoning 
OSAKA2 Food poisoning 
OSAKA3 Food poisoning 
OSAKA4 Food poisoning 
CP093 Food poisoning 
CP094 Food poisoning 
CP095 Food poisoning 
F4969 Sporadic diarrhea 
F5603 Sporadic diarrhea 
T1 Food poisoning 
MR2-4 Healthy 
Other clostridia · 
C. di/ficire ATCC9689 
C. tetani KZ1113 
C. acetobutyUcum 

ATCC824 

C: Chromosome, P: Plasmid. 

+ + 

+ + 

+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + + 
+ + + 
+ + + 
+ + + 

+ 
+ 
+ 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

p 
p 
p 
p 

+ 

+ 

+ 
+ 

soil and sporadic diarrhea cases, but not food poisoning-derived strains. 
Other tested clostridia, including C. difficile, C. tetani, and C. acet­
obutylicum possessed the eut operon but C. botulirwm, C: novyi, and C. 
ceUulolyticum were negative for eutB. 

3.5. Regulation of the eut operon 

Expression of eutB was monitored by qPCR to elucidate the me­
chanism of eut operon regulation in C. perfringens. Glucose decreased 
eutB expression in HN13 (Fig. 4A). In the presence of EA, eutB expres­
sion was increased in HN13 cells independent of glucose. EA-dependent 
eutB induction was abrogated in HYl 702, in which the eut operon TCS 
genes (eutVW) were deleted (Fig. 4A). Expression of eutB was also in­
duced by EA in HN1303 (ti.virRS) to a similar level as that of HN13. 
These results indicated that TCS encoded by eutVW induces expression 
of the eut operon in response to extracellular EA independently of 
VirRS. The eutB expression by HN1303 cultured in TY was significantly 
lower than that by HN13 (Fig. 4B). Although glucose repressed eutB 
expression in HN13, virRS deletion cancelled this inhibition. Therefore, 
we concluded that VirRS represses eu.t gene expression under glucose­
rich conditions, but EA canceled this negative regulation. However, 
VirRS appeared to induce eut operon expression when both glucose and 
EA we're unavailable. 

3.6. Role of PLC and PFO in the activation of eut ope,:on 

Of the six eut-positive C. pe,fringens strains, four also possessed pfoA. 
To determine the role of PLC and PFO in the activation of eut oepron, 
7.5% sheep RBC in PBS was incubated with HN13, HN1301 (.6.plc), 
HN1307 (DpfoA) or HN1314 (6.6 virulent genes includingpfoA andplc). 
After centrifugation of the mixtures, the supernatants were added 1:1 
into TY with C. perfringens HN13. The eutB expression in these cultures 
was then compared by qPCR. The eutB expression level in HN13 after 
2h and 4 h incubation with HN1301�treatd RBCs was lowest among the 
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HY1701 
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IAvfrRSI 
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C 

Fig. 4. Quantitative real-time PCR to monitor eutB expression in C. per­
fringt:m. (A) The eutB expression level in each test strain in different media 
types. The presence and absence of glucose or EA in the culture is indicated 
by + and •, respectiveJy. Expression leveJs were normalized with respect to 16S 
rRNA. (B) Comparison of eutB expression levels among the test strains in each 
media type. The data are expressed as mean ± standard deviations from three 
independent replicates. The samples labeled with different letters are sig­
nificantly different from each other (p < 0.05). 

samp]es. In addition, the eutB expression level in HN13 after a 2 h  in­
cubation with HN1307-treated RBCs was significantly lower titan that 
in cells treated with HN13-treated RBCs (Fig. 5). These results indicate 
that PLC has a major role in the release of inducers for eut operon from 
RBCs and that PFO facilitates its action. Although HN1314 is negative 
for both plc and pfoA, the eutB expression level in HN13 after 2 h and 
4 h  incubation with HN1314-treatd RBCs was significantly higher than 
that with HN1301-treatd RBCs. This result might reflect the low 
availability of both glucose and EA in HN1314-treated RBC samples, 
thus inducing the positive effect of VirRS on eutB expression as de­
scribed above. 

3.7. Role of the eut operon in C. pe,fringens growth in a gas gangrene mouse 
model 

The in vivo growth of C. perfringens HN13 and HYl 701 was com­
pared in a gas gangrene mouse model. An equal number of each cell 
type (1 x 108 cells) was injected intramuscularly into the right thighs of 
male 8-week-old ddY mice (five each for HN13 and HY1701). The cu­
mulative pathological scores for malaise, limping, foot pad swelling and 
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Fig. 5. Comparison of eutB expression in C. perjringens HN13 incubated 
with HN13-, HN130'7-, HN1301- or HN1314-treated sheep RBCs. Relative 
eutB expression levels were compared among the samples at each Indicated time 
point. Expression levels were nonnalized with respect to 16S rRNA. The data 
are expressed as mean ± standard deviations from four independent re­

plicates. The samples labeled with different letters are significantly different 
from each other (p < 0.05) . 

blackening of tlte right thigh and foot pad were significantly lower in 
mice infected with HY1701 compared to those infected with HN13 
(Fig. 6). Although the survival rate was not significantly different be­
tween the groups, the mortality rate of the mice infected with HYl 701 
tended to be lower than that of the HN13-infected mice (0% vs. 40%). 

Finally, the in vivo growth ofHN13 and HY1701 was compared in a 
competitive fashion. The right thighs of the mice were intramuscularly 
injected with 0.1 ml of a cocktail containing 5.0 x 107 cells each of 
HN13 and HY1701. After 24 h, the number of viable HN13 and 
HY1701 cells in the infected muscles was compared by colony PCR. The 
total number of C. perfringens cells recovered from infection sites was 
9.5 ± 5.9 x 105 cfu/g of tissue. No significant difference was found in 
the ratio of HY1701 and HN13 in the inoculum (54.3% vs 45.7%; 
Fig. 7). However, the ratio ofHY1701 cells in the infected thigh muscles 
was significantly lower than that of HN13 (p < 0.001). The percentage 
of HY1701 and HN13 in infected tissues was 30.0 ± 6.9% and 
70.0 ± 7.0%, respectively. 

4. Discussion 

C. perfringens causes gas gangrene, and its histolytic toxins such as 
a-toxin (PLC) and 8-toxin (PFO) play a critical role in disease estab­
lishment and progression [1,25,26]. However, there are limited data 
concerning the nutritional factors that support C. perfringens growth in 
necrotic tissues. In this study, we used a mouse gas gangrene model to 
show that EA utilization plays an important role in C. pe,fringens growth 
in vivo. 

The in vitro growth comparison demonstrated that EA promoted 
growth of HN13, but not of HY1701 in which the eut operon was de­
leted, indicating that the eut operon is the sole system for EA use by C. 
perfringens. Accordingly, eut-negative SM101 also did not utilize EA. 
Plasmid complementation of HYl 701 with eutABC did not restore EA 
utilization (data not shown), indicating that EAL supplied in trans is 
unlikely to be incorporated into the carboxysome. Interestingly, EA 
growth promotion differed even among eut-positive C. perjringens as 
seen by weaker EA-dependent growth enhancement of ATCC13124 
compared to HN13 (Fig. 3). This result indicates that under conditions 
of limited glucose tlte ATCC13124 strain may preferentially use nu­
trients other than EA. Correspondingly, the inhibitory effect of OHCbl 
on EA utilization by ATCC13124 was weaker than that for HN13. 
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Fig. 6. Comparison of pathogenic potential of C. perfringens HN13 and HY1701 (4.eutA.BC) in a mouse gas gangrene model. Cumulative pathologic scores and 
survival rates were recorded up to 24 h after inoculation with C. peifringens strains HN13 (open circles) or HYl 701 (filled squares). Five mice were used for each 
group. *Significantly different between the �oups (p < 0.05). 

As shown in our gas gangrene mouse model, the eut system sup­
ported C. perfringens growth in necrotic tissues. The symptoms were 
more severe and mortality was higher in mice inf�cted with HN13 
compared to those infected with HY1701 (lleutABC). However,plc and 
pfoA expression levels in EA-supplemented media were similar between 
HN13 and HY1701 (data not shown). Since EA levels are expected to be 
high in necrotic tissues, the severe symptoms and higher mortality rate 
for HN13-infeoted mice might be partly attributable to the energy 
supply from EA afforded by the eut system, which maintains C. ptT­
fringens growth in vivo. 

OHCbl is an irreversible inhibitor of adenosykobalamin-dependent 
EAL [21]. Here we showed that OHCbl could dose-dependently abro­
gate EA growth enhancement seen for the eut-positive C. perfringens 
strains HN13 and ATC13124. OHCbl is used as a first line drug for 
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cyanide poisoning [.27], but could also be a supportive drug for treating 
myonecrosis induced by ettt-positive C. perjringens. However, in­
traperitoheal injection of OHCbl did not improve symptoms in our 
mouse gas gangrene model (data not shown). Blood supply to myone­
crotic tissues in C. perfringens infections is known to be poor due to the 
massive platelet aggregation that occurs in blood Vessels [28]. Thus, 
development of a method to promote efficient delivery of OHCbl to 
necrotic tissue is likely needed to evaluate the therapeutic effect of this 
drug for C. perfringens myonecrosis. C. perfringens also causes necrotic 
enteritis. As such, oral administration of OHCbl_might be an alternative 
treatment for inhibiting C. pe,fringens growth in the gut. 

Expression of the eut operon in Enterococcus Jaecali,s and Li.steria 
monocytogenes are uniquely controlled by a post-transcriptional anti­
termination mechanism involving TCS and/or riboswitch [11,29,30]. 
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the mouse gas gangrene model and in infected right thigh muscles. Five mice 
for each sample were examined. ***Significantly different between the samples 
(p < 0.001). 

EutV is predicted to bind to the AmiR and NasR transcriptional anti­
terminator regulator (ANTR) motif sequence [31 ], located in intergenic 
regions upstream of eutG and eutS, to eliminate terminator structures 
(Fig. 1 ). The expression of the eut operon is also controlled by global 
virulence regulators such as Csr in Salmonella Typhimurium [32) and 
Fsr in Enterococcus faecali.s [33). The VirRS system in C. perfringens is 
recognized as a global virulence regulator that controls expression of 
pfoA, VR-RNA, plc and many other virulent-related genes [22,34,35). 
Yamaguchi et al. reported that VirRS negatively regulated the eut op­
eron in C. perfringens strain 13 [36).  We also consistently observed a 
negative effect of VirRS on eut operon expression under glucose-rich 
conditions (Fig. 4). However, this suppressive effect by VirRS was 
canceled when EA was available. The eut gene induction by EA was 
dependent on TCS composed of EutVW. Interestingly, VirRS up-regu­
lated eutB expression in the absence of glucose and EA. This result 
might reflect an adaptation to poor nutritional conditions, and that 
maintenance of basal expression of the eut operon enables C. perfringens 
to rapidly respond to the presence of EA. These results indicate that 
histolytic C. perfringens preferentially utilizes EA and regulates the ex­
pression of the eut operon by EutVW and VirRS depending on glucose 
and EA availability. 

Phosphatidylethanolamine (PE) is a major membrane component of 
eukaryotes and prokaryotes [5-7). PLC degrades PE to diacylglycerol 
and phosphoethanolamine (pEA). The released pEA might be further 
metabolized to EA by phosphatase derived from lysed host-cell or C. 
perfringens itself. It is also possible that pEA induces signal transduction 
via EutVW. As shown in Fig. 5, PLC has a major role in the release of 
inducers for eut operon from sheep RBCs. The significantly lower level 
of eutB induction by HN1307 (6p/oA)-treated sheep RBCs compared to 
HN13-treated sheep RBCs indicated that PFO facilitates PLC-mediated 
PE degradation. Taguchi et al. reported that C. perfringens PLC did not 
hydrolyze PE unless other lipids such as phosphatidykholine and other 
membrane components were present [37). Therefore, PFO is predicted 
to promote PLC-mediated degradation of PE by releasing membrane 
components from host cells. Under pie-negative and pfoA-positive con­
ditions, EA may not be available, but other nutrients such as glucose 
could be released from RBCs by the pore-forming action of PFO. Nu­
trients other than EA released from lysed RBCs might elicit eutB sup­
pression by VirRS (fig. 2). We showed that eutB expression in HN13 
incubated with HN1314 (6.6)-treated RBCs was higher than that with 
HN1301 (6p!c)-treated RBCs (Fig. 5). Simultaneous deletion of pie and 
pfoA (as in HN1314) is predicted to decrease the availability of both 
glucose and EA from RBCs, eliciting a positive effect of VirRS on eutB 
expression as observed in TY without glucose and EA as shown in Fig. 2. 

Although PLC is known to play a critical role in C. perfringens gas 
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gangrene, the pathogenic role of PFO is controversial [38--40). How­
ever, PLC is thought to facilitate the pore-forming action of PFO [26), 
which in turn promotes PE hydrolysis by PLC. Therefore, the eut system 
is predicted to be involved in the establishment and progression of 
myonecrotic lesions by pfoA-positive C. perfringens. Canard et al. re­
ported that in the C. perfringens chromosome the pfoA region is a highly 
variable [38). Thus, comparisons of the pathogenic potential of eut­
positive C. perfringens that have varying PFO productivity would be 
valuable. 

In conclusion, in this study we showed that the C. perfringens eut 
system supports growth of this anaerobe in vitro and in vivo. Deletion 
of the eut system attenuated competitive growth in infected muscles and 
disease severity. Histolytic C. perfringens appears to preferentially uti­
lize EA. This study indicated that the global virulence regulator VirRS is 
involved in eut operon expression in a complex manner that depends on 
glucose and EA availability. These findings indicate that the eut system 
might be a therapeutic target for gas gangrene and necrotizing enteritis 
caused by C. perfringens, and that the EAL inhibitor OHCbl could be a 
candidate drug. 

Conflicts of interest 

None. 

Acknowledgements 

We thank Dr. Kazuaki Miyamoto for the kind gift of C. perfringens 
isolates and Dr. Mahfuzur M. Sarker for valuable comments on the 
manuscript. The present study was supported by a Grant-in-Aid from 
the Japan Society for the Promotion of Science KAKEN (grant 
no.25460535). 

Appendix A. Supplementary data 

Supplementary data related to this article can be found at http:/ /dx. 
doi.org/10.1016/j.micpath.2018.04.017. 

References 

(l] L. Petit. M. Gibert, M.R. Popoff. Cloi.tridium pcrfnngens: toxinotypc.• •nd gcnotypt,, 
Trends M1crobiol. 7 (1999) 104-110. 

(2] A.E. Brydnl, D.!. Stevens, ClostndiJI myonocrosb· new 1ns,ghls 10 p.1lhogcuesi> ,md 
man•gemcnl, CWT. lnf«:l Dis. Rtp. 12 (2010) 383-391. 

[31 D.I .. Stevens. 11,e palhogenc.sis or clostridial myonem>.<i.s, lnt J Med Microbial 290 
(2000) 497-502. 

(41 F.A. Uzal, J.C. Freedman. A. Shre<tha, J.R. Thror«, J. Garcia. M.M Awad, 
V. Ad•ms. R.J. Moore, J.J. Rood, BA McClane. Towards an underrundmg ol lhe 
role of Clo.nrldiwn fJfTJnngrns toxins in human and ttnimaJ disease. F'urure MiCf'(lb,ol 
9 (2014) 361-377. 

[5) T.J. Larson, M. Ehrmann, W Boos, Perlplasm1c glyccrophosphodicster phospho• 
dicsu:rnsc or Eschcrichia rob, a nc,, enzyme or the glp rogulon, .I. Biol. Chem. 258 
(1983) 5423-5432. 

(6) P. Proulx, CX fun&, Metabolism or pho,,i,hoglycmdes in £. col,. lV. 'I he poS1tional 
specificity and propcnics or phospholipasr A, can. J Biod1em. 47 (1 %9) 
1125-1128. 

[7) J.E. Vance, Phosphatidylscrine and phosphatidyl,•thJnolammc in mammalian ccll>: 
two metabolically relateJ aminophospholip1ds. J. Llpid Res. 49 (2008) 1377-1387. 

[8] IJ.M Roof, J R Roth, Ethanolamine util11..,tion m SalmontUa ryi,himurium. J. 
Bacteriol. 174 (]992) 6634-<>643. 

[9) C.M. Dlackwcll, r-.A. Scarlen, J.M. Turner, Ethanolamlne catabohsm by bacteria, 
includmg f.schcrichin coli, B,ochcm. Soc. Trans. 4 (I "76) 495-4'17. 

[10) G.W. Chnng. J.T. Chung, E,idencc for the B,,-,kpcudcnt enzyme etbunolannnc 
deammase in SalmontUa, Nature 254 (1975) 150-151. 

[11) M.F. net Papa, M. Perego, Ethanol:unine activates a sensor histldmc kmase reg, 
ulating its u11h.1.111ion m Enurococcusfacrnll<. J. llancnol. 190 (2008) 7147-7156. 

(12] D.A. Garsin, Ethanolamjnc utilization in bactcnal pathogens: roll'S and r<-'gulatlon, 
Nut Re, , Microbiol. 8 (2010) 290-295. 

[13) f .. Kofoid. C R.1ppl•l•• I 5toJiljkoVJc, J. Roth, The 17-gene ethanolamine (eutl 
opcron of Snbnone/la typhbnurlum encodes five homologue,; or carboxysome ,hell 
proteins, J. Bncterlol. 181 (1'199) 5317-5329. 

[14) S. Srikumar. T.M. Fuchs, Ethanolammc utilization conrrib11tes to proliferation of 
Sabnonclla cnttrica serovJ.r Typhimurium in foocl and in nematodes, Appl. Environ. 
Microbiol. 77 (201 l J 281-290. 

[15) L.A. Gonyur, M.M. K,•ndall, Eth•nolamine and choline promote expr,ssion of 



H. Y"8f etaL 

putative and characterized firub1fae in enterohemorrhagic &cherichia coli O157:t-17, 
Inf&t. lmmun. 82 (2014) 193-20L 

[16] Y. Bertin, J.P. Girard<'lltl, F. Chaucheyras•Durand, B. I.yan, E. Pujos-Gull!ot, 
J. Hotel, C. Marlin, Enlerohaemorrhagk Escherichla roll gains a competitive ad• 
van rage by using ethanolamlne as a nitrogen source in the bovint> inte::tinal content, 
Environ. Microhlol, 13  (2011) 365-377. 

[17] P. Thiennimirr, S.E. Winter, M.G. Winter, M.N. Xavier, V. Tolstikov. D.L. Huseby, 
T. Stcnenbach, R.M. Tso!Ls, J.R. Roth, A.J. Biiumler, lntestimtl lnflrunmn!lon nllows 
Salmonella lo use ethanolamfne to compete with th<> microbioln, Proc. Natl. Acnd. 
Sc!. U.S.A. 108 (20l l)  17480-17485. 

[18) G.S. Myers, D.A. Rn.�ko, J,K. Cheung, J. Ravel, R. Seshadri, R.T, l)eBoy, et al., 
Skewed ge11omic \'ariability in strains of the toxigenic bacterial pathogen, 
Clostri<llwnpetfringens, Genome Res. 16 \2006) 1031-1040. 

[19) P. Lahti, M. Lindstrom, P. Somervuo, A, Heiklnhelmo, H. Korke<1!a, Comparative 
g('nOmic hybridization mrniysis shows different epid..-mlotogy of chromosomal and 
plasmld"bome q,e-canying C/1mrldium peifringens Type A, PLoS One 7 (2012) 

e<!6162. 
[20) H. Nru-iya, S. Miyata, M. Suzuki, E. Tamai, A. Okabe, De\•1.•lopment and 11pplici:irion 

oi o. method for 1.-ounlersclectable in-framl' dell'tion in Clasrridium peifringens, Appl. 
Environ. Mkroblo\. n (201.l)  1375-1382, 

[21] C. Brndbecr, '11te Clostridlal ferment:itions of choline and cr.hanolrunine. II; 
Requirement for a cobamide COt>nzyme by an echanolnmine deamina5e, J. Biol. 
chem. 240 (1965) 4675-4681. 

[22) T. Shiml7,U, W. Ba-The!n, M. Tnmaki, H. Hayashi, TI1e virR gene, a member of a class 
of two-1:omponcnt respon� regulators, regnlatt•s the production of the pc:r­
fringolysin 0, col!agenase, and hemagglulinln in (,'/osuidilJJlt pe.rfri.ngew;, J. 
Bactedol. 176 (199<!) 1616--1623. 

[23] K.J. Lh�.ik, T,D. Schmittgen, Analysis of rtilative gene exprC,.',�ion data usiJ1g real• 
time quantitative PCR and the 2?·\C m.-ihod, Methods 25 (2001) 402-408. 

[24] C.L. Kennedy, D. Lyras, J..M. Cordner, J. Melton-WIit, J.J. Emmhts, R.K. Tweten, 
J.!. Rood, Pore-fom1ing activity of .ilpha-tm:in is essentfa\ for Clostridium septlcum• 
mediated myonc."Crosis, lnfe<:t. lmniun. 77 (2009) 943-951. 

[25] M.M. Awad, D.M, Ellem<ir, R.L. Boyd, J.J. EmmiJL�, J.I. Rood, Synt>rgk,cffects of 
nlpha-toxin ::ind perfrlngolyi;in O In Clostridiwn per/rlngens-medlalCd gas gungn:.ne, 
Infect. Immuo. 69 {200]) 7904-7910. 

[26) P.C. Moe, A.P, Heuck, Phopholipld hydrolysis rauscd by Clc>stridiumprrfringen.s 
iilpha•toxin facllltates the lari::ering of perfringoly:-in O to memhrane bilayers, 
Biochemistry 49 (2010) 9498-9507. 

[27] A.H. Hall, R. DGrt, G. Bogdan, Sodium ihio�ulfote or hrdroxocobalamin for the 
empiric treatmem of cyanide poisoning? Ann. En1<'Ig. Mcd. 49 (2007) 806-813. 

207 

Microbial Pathogenesis 119 (2018) 2(J(J...207 

[28] M. Flores-Diaz, A. A\11pe-Gir6n, Role of Clomidium perfringew; phospholipast>. C in 
the pathogenesis of gas gangrene, 'foxicon 42 (2000) 979-986. 

{29] K.A. Fox, A. Ramesh, J.E. Stearns, A. Bourgogne, A. Reyers-Jam, W .C. Winkler, 
et al., Multiple postl'rnnscrlpLiom1I regulatory mechanisms partner to control etha• 
nnlamlne utilization In Enurococcu.i facc<.t/is, Proc. Natl. A cad. Sci. U.S.A. 106 
(2009) 4435-4440. 

[30] J.R. Mellin, M. Koutero, D. Dar, M.A. Nahoti, R. Sorek, P. Cossa rt, Sequestration of a 
tw0<oruponent response regulator hy a riboswitch-regulated noncod!ng R,�A, 
Scient>e 345 (2014) 940-943. 

[31] C.J. Shu, B.A,N.T.R. Zhtdin, An RNA-hinding domain in trantcription anti­
termination regufatory protefns, Trends Illochem. Sci. 27 (2002) 3-5. 

[3�1 Global reguforion by O;rA in Salmonella typhimwium, Mol. Micmbiol. 48 (2003) 
1633-1645. 

[33] A. Bourgogne, S.G. Hilsenbeck, G.M. Dunny, B.E. Murray, Comparison of OG1RF 
and an L-:ogenicfsrB deletion mutant by transcriptional analysl!i; the F5r system pf 
Enterococcus fneca!is is more than the acth•iitor of gelnriuaw and serlne protease, ,f. 
Bacterio!. 188 {2006) 2875-2884. 

[34] M. Lyristis, A.E. Bryant, J. Sloan, M.M, Awad, I.T. Nisbet, D.L. Swvens, et al., 
fdtintification and mole<'ular analysis of a locus that regulates exu-accllular iox.in 
production in Clastridiwn p<'.ifringtn5, Mo!. Micmbiol. 12 {1994) 761-777. 

[35} J.K. Cheung, L.Y. I.ow, T.J. �lfacox, J.I, Rood, RegulDt!on of extrncell11lar toxin 
production in C. prrfringem, in: M.L. Vasil, A.J. Darwin (i!ds,), Regulation of 
Bacterial Virulence, American Society for Microbiology, Washington, DC, USA, 
2013, pp. 281-294, 

[36] Y. Yamaguchi, K. Ohtani, Organization and twnscdptional regulation of tl1e etha" 
nol:llnine utiliza1ion operon hi Clostridiu.m pcifrin.,_i;ms, J. Juzen Med. Soc. 123 
{2014) 24-33. 

[37J R. Taiuchi, 1:1. Jkezawa, Hydrolyl.ic action of pho:;pholipase on bacterial mem­
branes, J. Blochem. 82 {1977) 1225-1230. 

[38] B. Cnnard, B. Saint.Joanis, S.T. Cole, Genomic diversity and orgaai.-.ation of viru­
lence g.:ms in the pothogenic annerobe Clos1ridlum J)crfringcns, Mol. Microblol. 6 
(]992) 142l-1429, 

[39] M.M. Awad, A.E. Bryum, D.L. Ste\·ens, ,/.I, RoPd, Virnleuce studies on chromosomal 
a-toxin and 0•Lox\11 mutants constructed by allelic cxchiinge provide grnetk evi• 
dencc for the essendal role of a-toxin in Cl,mrldium pcifringc11s-mediated gas 
i;aiigrene, Mo!. Mkrobiol. 15 (1995) 191-202, 

[40) D.K. O'Brien, S.B. Melville, J::ffects of C/oSJridium 11<:rjringcns alpha-toxin {PLC) and 
perfiingolysln O (PFO) on r.:ytotoxicity to mai·rophugcs, and 0.11 persistence of C, 
perfringens in host tissues, lnfoct. lmmun. 72 (2004) 5204- 5215. 


