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ABSTRACT Clostridium perfringens is a gastrointestinal pathogen capable of causing
disease in a variety of hosts. Necrotic enteritis in chickens is caused by C. perfringens
strains that produce the pore-forming toxin NetB, the major virulence factor for this
disease. Like many other C. perfringens toxins and antibiotic resistance genes, NetB is
encoded on a conjugative plasmid. Conjugative transfer of the netB-containing plas-
mid pJIR3535 has been demonstrated in vitro with a netB-null mutant. This study
has investigated the effect of plasmid transfer on disease pathogenesis, with two ge-
netically distinct transconjugants constructed under in vitro conditions, within the in-
testinal tract of chickens. This study also demonstrates that plasmid transfer can oc-
cur naturally in the host gut environment without the need for antibiotic selective
pressure to be applied. The demonstration of plasmid transfer within the chicken
host may have implications for the progression and pathogenesis of C. perfringens-
mediated disease. Such horizontal gene transfer events are likely to be common in
the clostridia and may be a key factor in strain evolution, both within animals and in
the wider environment.

IMPORTANCE Clostridium perfringens is a major gastrointestinal pathogen of poultry.
C. perfringens strains that express the NetB pore-forming toxin, which is encoded on
a conjugative plasmid, cause necrotic enteritis. This study demonstrated that the
conjugative transfer of the netB-containing plasmid to two different nonpathogenic
strains converted them into disease-causing strains with disease-causing capability
similar to that of the donor strain. Plasmid transfer of netB and antibiotic resistance
was also demonstrated to occur within the gastrointestinal tract of chickens, with
approximately 14% of the isolates recovered comprising three distinct, in vivo-
derived, transconjugant types. The demonstration of in vivo plasmid transfer indi-
cates the potential importance of strain plasticity and the contribution of plasmids
to strain virulence.

KEYWORDS Clostridium perfringens, conjugation, in vivo plasmid transfer, necrotic
enteritis, pathogenicity, virulence

Horizontal gene transfer (HGT) is a driver of the diversification and evolution of
bacterial species. HGT involves the transfer of DNA between strains or species,

providing new and varied functionality to pathogens or other bacterial species (1, 2). In
particular, HGT is an alarming issue in both human health and livestock production due
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to the transfer of antibiotic resistance genes to and between pathogens (3). This has
resulted in intense monitoring of antibiotic-resistant pathogenic bacteria and bans or
restrictions on the use of antibiotics and antimicrobial growth promoters in livestock
production.

Three independent gene transfer mechanisms, conjugation, transduction, and trans-
formation, can result in HGT (1). Conjugation, where plasmids mediate their own
transfer from donor to recipient cells through direct contact, has been repeatedly
demonstrated to be an efficient mechanism of gene transfer within a wide range of
bacterial species, including the diverse plasmid-carrying species Clostridium perfringens
(4–6). HGT of antibiotic resistance genes has been demonstrated both in vitro and in
vivo in various animal models; for example, studies have demonstrated in vivo DNA
transfer in the chicken gastrointestinal tract. HGT has been established between native
chicken Lactobacillus species (7) and an antibiotic resistance plasmid in Klebsiella sp.,
and Escherichia coli has been shown to transfer to other Escherichia coli strains both
with and without antibiotic selection (8, 9). Tetracycline resistance genes have also
been transferred between Campylobacter jejuni strains in vivo (10).

C. perfringens plasmids have been a major focus of studies for many years due to
their prevalence, diversity, and carriage of key virulence genes (11–13). Plasmids within
C. perfringens contain an array of toxins, antibiotic resistance genes, bacteriocins,
metabolism genes, and regulatory elements (5, 11). The varied pathogenic potential of
C. perfringens is due, at least in part, to the production of specific toxins (14, 15). Many
of these toxins are encoded by plasmids, including three of four toxins used in the C.
perfringens typing scheme (11). Most of the large clostridial plasmids have a cluster of
genes, covering �40 kb, which encode the conjugal transfer machinery. This region is
commonly referred to as tcp (16, 17). The tcp region has been extensively characterized
(11, 16–19). Toxin genes carried on plasmids that have a tcp locus include cpb, etx, iapA
or iapB, cpb2, tpeL, netB, and cpe (11, 12, 20–22). Some plasmids encode more than
one toxin or a combination of toxins and other factors, such as those for antibiotic
resistance (11, 12, 21).

Conjugation of tcp-encoding plasmids has been demonstrated in vitro with the
tetracycline resistance-encoding plasmids pCW3 and pJIR3537 (5, 20), a cpe-containing
plasmid pMRS4969 (4), and type D epsilon toxin-encoding plasmids CN1020 and
CN3718 (6). More recently, derivatives of the netB plasmid pJIR3535 and the cpb2
plasmid pJIR3844, from a necrotic enteritis-causing strain, EHE-NE18, were demon-
strated to be conjugative (5). Although conjugation of these tcp plasmids has been
demonstrated reliably and repeatedly in vitro, very little is known about how these
plasmids and their host strains behave in their natural habitat of the chicken gastro-
intestinal tract.

NetB-producing strains of C. perfringens cause necrotic enteritis in chickens, an
enteric disease which is a significant health, welfare, and economic issue in the
commercial poultry industry (23). NetB is a 33-kDa secreted beta-barrel-pore-forming
toxin that causes lesions or necrotic foci in the chicken gastrointestinal tract, leading to
a reduced feed-to-conversion ratio and, in severe cases, death (24–26). NetB is encoded
on conjugative plasmids, such as pJIR3535 and pNetB-Ne10 (5, 27). Conjugative transfer
of this plasmid has been demonstrated in vitro with a netB-null mutant; however, in vivo
transfer of this plasmid and the effect of this transfer on disease pathogenesis have not
been previously examined (5).

In several recent studies, NetB-encoding strains have been shown to originate from
several distinct genetic backgrounds, with varied genomic content carried on both
plasmids and the chromosome (28–31). In particular, the presence of the toxin plasmids
carrying netB, cpb2, and tpeL, as well as bacitracin and tetracycline resistance genes, are
variably present in chicken strains with both similar and diverse chromosomes (26, 28,
32, 33). This variability in plasmid content and chromosomal content between strains
has led to the hypothesis that plasmid transfer of these virulence and antibiotic
resistance plasmids occurs naturally in the environment, contributing to the genomic
diversity of strains and potentially contributing to virulence through the emergence of
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new and varied strains of necrotic enteritis-causing C. perfringens. This hypothesis is
tested in the experiments reported here.

RESULTS
Conjugation and confirmation of in vitro-derived transconjugants. Two genet-

ically distinct recipients were used in this study, BER-NE33 and PBD1. The two strains
are nonpathogenic chicken isolates with two distinct chromosomes and do not carry a
netB-carrying plasmid. BER-NE33 was isolated in 2010 from a chicken suffering from
necrotic enteritis and contains a single plasmid, an atypical tetracycline resistance
plasmid of �70 kb. Although isolated from a diseased bird, the strain has been shown
to be incapable of causing disease (26), presumably because it does not carry the
essential virulence gene netB. PBD1, in contrast, was isolated in 2008 from a healthy
chicken with no signs of disease, and it does not carry any plasmids. Nalidixic acid-
resistant mutants of each strain were derived to allow easy differentiation of donor
strains and recipient strains. A rifampin-resistant spontaneous mutant of EHE-NE18, in
which the NetB-encoding plasmid had been marked with an erythromycin resistance-
encoding expression cassette, was used as the plasmid donor strain (see Fig. S1 in the
supplemental material).

Matings were performed using the solid-plate mating technique. The conjugative
transfer efficiency was expressed as the number of transconjugants per donor cell, as
shown in Table S1. Transconjugants were isolated by selecting and screening for
colonies that were resistant to nalidixic acid and erythromycin but sensitive to rifampin.
Transconjugants were confirmed by whole-genome sequencing (Fig. 1) and pulsed-
field gel electrophoresis (PFGE) analysis to examine the movement of plasmids and
chromosomal elements. The PFGE profiles of transconjugants were identical to the
recipient strains, apart from a new plasmid band, showing that only plasmids were
transferred and there were no major chromosomal rearrangements (Fig. S2 and S3).
Various combinations of plasmids were observed in the transconjugants (Fig. S2 and
S3). For further investigation into disease pathogenesis, tetracycline-sensitive transcon-
jugants were chosen and sequenced. Genome sequencing determined that only the
erythromycin resistance-carrying pNetB and pBeta2 plasmids were present in the
transconjugants, and no chromosomal regions were affected by the mating procedure.
Transconjugants were shown by Western blotting to produce NetB in the culture
supernatants of the cultures used in the subsequent necrotic enteritis disease induction
experiments (Fig. S4).

In vitro plasmid transfer converts two nonpathogenic C. perfringens strains into
virulent necrotic enteritis-causing strains. The virulence of donor, recipient, and
transconjugant strains was tested in the necrotic enteritis disease model. As shown in
Fig. 2, birds challenged with the nalidixic acid-resistant recipients PBD1 and BER-NE33
had no detectable disease. However, the birds challenged with the pNetB-containing
transconjugants had significant amounts of disease to levels like those seen in the
group challenged with the erythromycin-marked virulent EHE-NE18 strain, with an
average lesion score of �1.5 observed in all three groups. Statistically, there are no
significant differences between the donor strains EHE-NE18 and the two transconju-
gants in terms of disease causing capability in the necrotic enteritis disease induction
model. However, statistical significance was observed between EHE-NE18 and both
recipient strains PBD1 and NE33 (P � 0.01), which was also observed between each of
the transconjugants and their corresponding recipient strains (P � 0.05; Fig. 2). Clearly,
the conjugation of pNetB can change two different nonpathogenic strains into virulent
strains.

Rifampin-resistant mutant strains of pathogenic C. perfringens are significantly
attenuated in virulence. Rifampin-resistant spontaneous mutants of two pathogenic
C. perfringens strains, EHE-NE18 and WER-NE36, were selected by passaging on increas-
ing concentrations of rifampin on tryptose sulfite cycloserine (TSC) solid medium. The
rifampin-resistant strains were required for mating experiments to allow easy monitor-
ing and recovery of the marked strains from the in vivo infection experiments. The
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presence of netB was monitored and shown to be unaffected during this process. The
two rifampin-marked strains and their wild-type isogenic parent strains were examined
in the necrotic enteritis disease model to investigate the effect on virulence of the
mutations to give rise to rifampin resistance (Fig. 3). In two independent trials, reduced
virulence was observed with the resistant derivatives. Pooled data from the two trials
showed that lesions were observed in 20 out of 20 chickens challenged with the
wild-type WER-NE36 and 19 out of 20 chickens challenged with wild-type EHE-NE18.
However, lesions were observed in only 7 out of 20 chickens in the rifampin-resistant
WER-NE36 mutant strain-challenged groups and 4 out of 20 chickens in rifampin-
resistant EHE-NE18 mutant strain-challenged groups. A statistical significance at a P
value of �0.01 was observed between the rifampin-resistant mutants and their corre-
sponding wild types.

In vivo plasmid transfer in the chicken gastrointestinal tract. In vivo plasmid
transfer was investigated by inoculating birds with donor and recipient strains and then
screening digesta and swabs from lesions for transconjugants. No selective pressure,

FIG 1 Phylogenetic tree showing evolutionary relationships of total gene content (gene presence and
absence) between strains PBD1 and NE33 before and after the mating procedure. Other strains were
included in the comparison to root the tree.
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such as antibiotic treatment, was used. To maximize the chances of identifying
transconjugants, a rifampin-resistant mutant of WER-NE36 carrying the erythromycin
resistance gene-marked pNetB plasmid was used as the donor, and a nalidixic acid-
resistant BER-NE33 strain was used as the recipient. WER-NE36 does not contain a
tetracycline resistance conjugative plasmid, but BER-NE33 does. With this combination
of strains, it was possible to detect plasmid transfer in both directions, specifically, the
pTet plasmid from BER-NE33 to WER-NE36 and the erythromycin resistance gene-

FIG 2 Virulence of C. perfringens strains in the necrotic enteritis disease induction model. The lesion
scores of individual 24-day-old broiler chickens challenged with different C. perfringens strains are shown.
The horizontal bars represent the average lesion score for each group, and the error bars represent the
standard error for each group. Intestinal lesions in the small intestine (duodenum to ileum) were scored
as previously reported: 0, no gross lesions; 1, thin or febrile walls; 2, focal necrosis or ulceration (one to
five foci); 3, focal necrosis or ulceration (six to 15 foci); 4, focal necrosis or ulceration (16 or more foci);
5, patches of necrosis 2 to 3 cm long; and 6, diffuse necrosis typical of field cases. The results presented
are the pooled data from three independent trials, n � 30. The strains tested are as follows: EHE-NE18,
BER-NE33, BER-NE33/pNetB, PBD1, and PBD1/pNetB. A one-way ANOVA Kruskal-Wallis test with a
Dunn’s posttest showed a statistical difference between the recipient strains NE33 and PBD1 to the
donor strain EHE-NE18 (***, P � 0.01), a statistical difference between each pNetB transconjugant and
the original recipient strain (**, P � 0.05), and no statistical difference between EHE-NE18 and either of
the transconjugants.

FIG 3 The effect of rifampin resistance marking on the virulence of C. perfringens strains in the necrotic
enteritis disease induction model. The lesion scores of individual 24-day-old broiler chickens challenge
with different C. perfringens strains are shown. The horizontal bars represent the average lesion score for
each group, and the error bars represent the standard error for each group. Intestinal lesions in the small
intestine (duodenum to ileum) were scored as previously reported: 0, no gross lesions; 1, thin or febrile
walls; 2, focal necrosis or ulceration (one to five foci); 3, focal necrosis or ulceration (six to 15 foci); 4, focal
necrosis or ulceration (16 or more foci); 5, patches of necrosis 2 to 3 cm long; and 6, diffuse necrosis
typical of field cases. The results are from two separate trials. The strains tested are as follows: WER-NE36,
EHE-NE18, and rifampin-resistant strains WER-NE36 and EHE-NE18, n � 20. A one-way ANOVA Kruskal-
Wallis test with a Dunn’s posttest showed a statistical difference between the rifampin-marked strains of
WER-NE36 and EHE-NE18 from their wild-type forms, with P values of 0.001 for both strains examined.

In Vivo Plasmid Transfer Produces New Virulent Strains Applied and Environmental Microbiology

December 2017 Volume 83 Issue 24 e01814-17 aem.asm.org 5

http://aem.asm.org


marked pNetB plasmid from WER-NE36 to BER-NE33. As one strain is nonpathogenic
and the other is partially attenuated, an increase in disease in cochallenge birds
compared to infection with each individual strain should indicate the presence of
transconjugants which have acquired properties enabling them to be more virulent.

The infection-based challenge was performed over 2 days, with one strain used to
inoculate birds in the morning and the second strain in the evening, such that
coinfection was achieved within a 12-h period. After 2 days of challenge, chickens were
examined for lesions (Fig. 4). In the group challenged with the rifampin-resistant
WER-NE36 strain, four of the 10 challenged birds had visible lesions. The group
challenged with the nalidixic acid-resistant BER-NE33 strain had no lesions. In the first
cochallenged group, with WER-NE36 inoculated in the morning and BER-NE33 in the
evening, three of 10 chickens had lesions. Only the rifampin-resistant WER-NE36 strain
was reisolated from the birds in this group. In contrast, in the cochallenge group with
BER-NE33 inoculated in the morning and WER-NE36 in the evening, eight of 10 chickens
had necrotic enteritis lesions. A combination of WER-NE36, BER-NE33, and a mix
of transconjugants was isolated from the gastrointestinal tracts of these chickens.
Transconjugants were only isolated from birds with lesions. Screening of the antibiotic
resistance patterns of the reisolated C. perfringens colonies identified that 63% were
WER-NE36 (rifampin resistant [Rifr] erythromycin resistant [Ermr] donor), 20% were BER-
NE33 (nalidixic acid resistant [Nalr] tetracycline resistant [Tetr] recipient), 7% were WER-
NE36 transconjugants (Rifr Tetr), and 10% were BER-NE33 transconjugants (Ermr Nalr)
(Fig. 5). Transconjugants were confirmed by PFGE and PCR (Fig. S5).

Cochallenge with PBD1 and EHE-NE18 was also performed. However, within these
challenge groups, no PBD1 was recovered from any of the chickens. Only the donor
EHE-NE18 was reisolated. This indicates displacement of the recipient strain, PBD1, from
the gastrointestinal tract before conjugation could occur.

Plasmid transfer confers a selective advantage. In almost all cases, the transcon-
jugants from both the in vitro and the in vivo experiments contained two plasmids at
a minimum, pNetB-ErmR and the beta2-encoding plasmid pJIR3844. In fact, we were

FIG 4 Virulence of C. perfringens strains in the necrotic enteritis disease induction model with cochal-
lenge. The lesion scores of individual 24-day-old broiler chickens challenge with different C. perfringens
strains are shown. The horizontal bars represent the average lesion score for each group, and the error
bars represent the standard error for each group. Intestinal lesions in the small intestine (duodenum to
ileum) were scored as previously reported: 0, no gross lesions; 1, thin or febrile walls; 2, focal necrosis or
ulceration (one to five foci); 3, focal necrosis or ulceration (six to 15 foci); 4, focal necrosis or ulceration
(16 or more foci); 5, patches of necrosis 2 to 3 cm long; and 6, diffuse necrosis typical of field cases. The
results are from a single trial. The groups tested were as follows: WER-NE36 (RifR), BER-NE33, and groups
sequentially challenged, first with WER-NE36 (RifR) followed by BER-NE33 and then BER-NE33 followed by
WER-NE36 (RifR) (n � 10). A one-way ANOVA Kruskal-Wallis test with a Dunn’s posttest showed a
statistical difference between the recipient strains BER-NE33 and cochallenge group BER-NE33/WER-NE36
(***, P � 0.01), and no statistical significance was observed between rifampin-marked WER-NE36 and
BER-NE33 or to the WER-NE36/BER-NE33 cochallenge group. Transconjugants were isolated only from
the BER-NE33/WER-NE36 cochallenge group.
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unable to find a single colony that did not contain the beta2-encoding plasmid. The in
vitro mating was performed at a 1:10 donor-to-recipient ratio, which was done because
the donor strains tended to kill or inhibit the growth of the recipient strains. Once a
transconjugant was obtained, the transconjugants of PBD1 and BER-NE33 were no
longer inhibited by the donor strains and could, in turn, inhibit other strains, while the
wild-type strains were not inhibitory (Table 1), suggesting that the transconjugants had
inherited the inhibitory factor and were also immune to it. Inhibition was also examined
using supernatants of six strains, BER-N33, PBD1, EHE-NE18, WER-NE36, and the two
transconjugants, BER-NE33/pNetB-ErmR and PBD1/pNetB-ErmR, against lawn cultures of
the same set of strains. It was observed that the pathogenic strains EHE-NE18 and
WER-NE36 could inhibit the growth of the nonpathogenic strains BER-NE33 and PBD1,
and, in turn, the nonpathogenic strains were unable to inhibit the growth of patho-
genic strains. However, the two transconjugants BER-NE33/pNetB-ErmR and PBD1/
pNetB-ErmR could resist inhibition of the native pathogenic strains and gained the
ability to inhibit the growth of their wild-type strains and the pathogenic strains. This
ability was removed when supernatants were boiled or subject to trypsin activity,
leading us to believe a protein encoded by a plasmid is responsible for the inhibitory
effects observed. This suggests that plasmid transfer confers a selective advantage in
strains containing these plasmids, since they can outcompete strains within the same
environment by inhibiting their growth.

DISCUSSION

In this study, we have shown that transfer of the NetB-encoding plasmid can convert
nonpathogenic strains into disease-causing strains. Using two different strains, PBD1

FIG 5 The distribution of isolated colonies from the in vivo cochallenge model. The antibiotic resistance
profile indicates the nature of the colonies as the % of total colonies isolated. In the group challenged
with BER-NE33 in the morning and WER-NE36 in the afternoon, 63% of the colonies were the rifampin-
marked WER-NE36 donor, 20% of the colonies were BER-NE33, 10% of the colonies isolated were shown
to be BER-NE33 transconjugants, and 7% were shown to be WER-NE36 transconjugants.

TABLE 1 Inhibitory activities of in vitro-constructed transconjugants compared to the
wild-type strains

Lawn

Inhibitory activity by test straina

BER-NE33 BER-NE33/pNetB PBD1 PBD1/pNetB EHE-NE18 WER-NE36

BER-NE33 � �� � �� � ��
PBD1 � �� � �� � ��
NE18 � � � �� � ��
NE36 � � � � � �
PBD1/pNetb � � � � � ��
NE33/pNetb � � � � � ��

a�, no inhibition; �, �5 mm inhibition; ��, �5 mm inhibition.
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and BER-NE33, as recipients, transconjugants of the two strains were shown to cause
similar levels of disease. This was somewhat surprising, as the chromosomal contents
of these two strains are very different (Fig. 2). Genome sequencing of the two
transconjugants used as challenge strains, in comparison to their native state lacking
pNetB, showed that only the plasmids pNetB-ErmR and the beta2-encoding plasmid
pJIR3844 were transferred to the recipient strains and that no chromosomal elements
were transferred during the mating procedure. This raises a critical issue for C. perfrin-
gens diseases, as there is potential for any C. perfringens strain to become a disease-
causing strain when an appropriate toxin-encoding plasmid is acquired via lateral gene
transfer (LGT), regardless of the chromosomal background. Providing plasmids are
maintained and compatible through their partitioning systems (34), the genomic
potential of a strain could be rapidly expanded or diversified by LGT, resulting in the
adaptation of C. perfringens strains to new and varied host environments.

Conjugation, resulting in the transfer and persistence of antibiotic resistance genes
and virulence determinants, is a significant issue in both hospital settings and livestock
industries (2). This issue is of particular concern in commercial animal production
systems, resulting in the banning of the use of antibiotics as in-feed growth promoters
in the European Union and increasing regulatory restrictions on their use in other
countries, such as the United States (3, 35). Although HGT is a significant issue, there
have been relatively few studies to determine its occurrence using in vivo systems.
Some studies have investigated the transfer of antibiotic resistance genes (9, 36–39)
both across species and within them, but little has been reported on the transfer of key
virulence factors, such as toxins. The possibility that plasmid transfer can occur inside
animals has been considered since the 1960s and has been shown in a variety of
models, mostly under antibiotic selective pressure (8, 10, 40, 41). This study demon-
strated that both the virulence and antibiotic resistance-encoding plasmids of necrotic
enteritis-associated C. perfringens are conjugative within the chicken gastrointestinal
tract, without selection.

C. perfringens transconjugant strains with different genetic backgrounds can cause
disease in chickens when they carry the netB-containing virulence plasmid. The ques-
tion therefore arises as to why the genetic background of nonpathogenic strains is
more diverse than natural necrotic enteritis-causing strains (31). The chicken gastroin-
testinal tract has been shown, through several different studies, to contain a diverse
indigenous C. perfringens population, with many unique and varied genotypes ob-
served using multilocus sequence typing (MLST) and PFGE (30, 42, 43), with lower
diversity in necrotic enteritis outbreaks (29). The lack of varied pathogenic genotypes
in commercial flocks may be because the native necrotic enteritis-causing strains are
more adapted to the chicken gastrointestinal tract, and although transfer of plasmids
and virulence to other strains can occur, over many generations, the original strain may
outcompete the transconjugants due to other genetic factors carried on the chromo-
some that provide a selective advantage, such as the bacteriocin perfrin gene (cpp) (44).

An interesting observation from this study is that growth of the recipient strains
PBD1 and BER-NE33 was inhibited by the donor strains WER-NE36 and EHE-NE18, which
provided some initial difficulty in obtaining transconjugants. During the isolation of
potential transconjugants, zones of inhibition were observed surrounding the transcon-
jugants. Upon further investigation, the transconjugants were determined to inhibit
other strains, including the original donor and recipient strains, and to resist inhibition
by the same strains. We do not believe the inhibitory effect is due to the previously
described bacteriocin gene cpp (44), as the transconjugants do not carry the gene.
These data suggest that acquisition of the virulence plasmids pNetB-ErmR and pJIR3844
confers a selective advantage over non-plasmid-carrying strains in an environment
where multiple strains are present. Previous studies have shown that pathogenic C.
perfringens strains can displace commensal and nonpathogenic C. perfringens from the
gastrointestinal tract of chickens (45, 46). The displacement of indigenous C. perfringens
strains has been thought of as a very important factor in niche competition in the
gastrointestinal tract (43–46). However, in this study, we demonstrated that conjugative

Lacey et al. Applied and Environmental Microbiology

December 2017 Volume 83 Issue 24 e01814-17 aem.asm.org 8

http://aem.asm.org


transfer of plasmids can provide resistance to inhibition to recipient strains. Therefore,
it appears that if conjugation occurs before inhibition, the emergence of new and
varied strains is possible.

This study did not examine long term cochallenge with multiple strains or the
ecological interactions of the strains; as such, there may be genomic differences
between strains that provide an advantage over different strains containing the same
plasmids. The isolation of netB-negative strains from chickens suffering necrotic enter-
itis is also commonplace (28, 47). This could be explained if the strain causing the
outbreak is not as well adapted to the chicken host. If unfit transconjugants or strains
are the cause of a necrotic enteritis outbreak, there may be potential stability issues
with that particular strain background and the virulence plasmids or a compatibility
issue with other existing plasmids (28, 34). This could result in mild levels of disease and
the loss of virulence plasmids.

Although rifampin resistance is commonly used to selectively mark C. perfringens
strains (4, 16, 48), we additionally demonstrated that rifampin-resistant mutants were
dramatically attenuated in the necrotic enteritis disease model. This was also true for
pNetB transconjugants created with a rifampin-marked chromosome (data not shown).
Rifampin resistance and attenuation have been demonstrated in other bacteria, such as
Flavobacterium psychrophilum (49). Rifampin marking of strains could therefore also
influence other C. perfringens virulence studies performed in the gastrointestinal tract
of other animals, such as sheep and cows.

HGT has been demonstrated to occur in a wide range of bacteria that inhabit the
gastrointestinal tract (GIT) (50). HGT is a major driver for strain evolution and contrib-
utes to the pangenome of a species (51, 52). As most of the major C. perfringens toxins,
enzymes, and antibiotic resistance genes are a part of the accessory genome (11, 12),
it is unlikely that they originated from a common ancestor and therefore have likely
been acquired over time through mechanisms of HGT, including conjugation.

C. perfringens is ubiquitously found in the environment (e.g., soil) and is part of the
normal microbiota in humans and a diverse range of animals (53). Whether strains
colonize particular hosts or can transiently colonize a range of host species, the
movement of toxin and antibiotic resistance plasmids between strains in the environ-
ment becomes an enhanced risk for human and animal health (2). If horizontal gene
transfer enables any strain background to become a new or antigenically distinct
pathogenic strain or act as a reservoir for new and varied virulence factors, it becomes
a very important factor for C. perfringens epidemiology, genetics, and pathogenesis.

In conclusion, conjugative plasmid transfer between C. perfringens strains may have
a significant role in necrotic enteritis (NE) virulence and pathogenesis. In vivo and in vitro
plasmid transfer can convert nonpathogenic C. perfringens strains into NE-causing
strains with the transfer of virulence plasmids to nonpathogenic strains, and antibiotic
resistance plasmids can be acquired by pathogenic strains.

MATERIALS AND METHODS
Bacterial strains and culture conditions. All C. perfringens strains used in this study are listed in

Table 2. These strains were grown in tryptone-peptone-glucose (TPG) medium, tryptose sulfite cyclos-
erine (TSC), or heart infusion (HI) broth. For conjugation experiments, HI agar (Oxoid) or TSC (Oxoid) was
used. When required, solid media and broths were supplemented with antibiotics at the following
concentrations: thiamphenicol (Tm), 10 �g/ml; tetracycline (Tc), 10 �g/ml; rifampin (Rif), 40 �g/ml,
nalidixic acid (Nal), 40 �g/ml; and erythromycin (Erm), 50 �g/ml. Agar cultures were incubated overnight
at 37°C anaerobically (10% CO2, 10% H2, and 80% N2).

Construction of antibiotic-resistant strains. In order to insert an erythromycin resistance gene into
the netB-carrying plasmid and thus allow selection, mutagenesis was performed as described previously
for the virR gene, using a derivative of the pJIR3566 TargeTron vector. Insertion was directed into the
sense strand between the genes netI and ORF-2, with a target sequence of 45 bp as follows: AAAAATT
TAAATAAAGCTTAATCATGAAGA-intron-GAAGTATAGTAATTC. To retarget the group II intron, primer-
mediated mutations by PCR were carried out with the IBS, ESB2, EBS1d, and EBS universal primers, in
accordance with the instructions from the TargeTron gene knockdown system (Sigma-Aldrich). The
250-bp gel-extracted retargeting PCR product was digested with HindIII and BsrGI and ligated into
similarly digested pJIR3566 DNA. The ligation mixture was used to transform E. coli DH5� into an
erythromycin-resistant strain, and plasmid DNAs from a selection of the resultant transformants were
isolated and sequenced. A vector that contained the desired altered nucleotides was chosen for
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subsequent mutagenesis studies. Introduction of the TargeTron plasmid, subsequent screening, and
mutant confirmation were performed as previously reported (5).

Spontaneous rifampin- and nalidixic acid-resistant strains were selected by plating 100 �l of
overnight TPG broths of the appropriate strains onto TSC agar plates supplemented with antibiotics at
the concentrations mentioned previously. Strains with single or multiple antibiotic resistances were then
confirmed by plating onto various combinations of antibiotics to ensure that the correct resistance
profiles were obtained.

Western blot experiments. A single colony from a freshly streaked and overnight incubated TSC
agar plate was inoculated into tryptone-peptone-glucose (TPG) broth and incubated overnight at 37°C.
Fresh TPG broth was inoculated at a 1:10 dilution and incubated until an optical density at 600 nm
(OD600) of 1.0. Cultures were centrifuged at 13,000 rpm to pellet the cells. Supernatants were removed,
and an equal volume of 20% trichloroacetic acid (TCA) was added to the culture supernatants and
incubated on ice for 10 min. The supernatant-TCA mixture was centrifuged at 13,000 rpm to precipitate
the proteins. The pellets were then washed in 100% cold acetone (4°C); this was repeated until residual
color from the media was removed, leaving a white fluffy precipitate. The precipitates were then
resuspended in phosphate-buffered saline agar (PBSA) and stored at 4°C.

TCA-precipitated samples were run on duplicate NuPAGE Bis-Tris (SDS-PAGE) (Thermo Fisher Scien-
tific) protein gels for 1 h at 200 V. One gel was stained for 1 h with SimplyBlue stain and destained for
2 h in water. The second gel was transferred to a nitrocellulose membrane using the iBlot protocol
(Thermo Fisher Scientific). The transferred membrane was washed twice for 10 min in Tris-buffered
saline (TBS) and blocked overnight in 5% skim milk in TBS at 4°C. The blocking agent was removed,
and the membrane was washed 3 times in TBS with 5% Tween for 10 min each cycle. The membrane
was added to a mixture containing the primary antibody polyclonal anti-rabbit netB IgG in 1% skim
milk in TBS at a 1:10,000 dilution and incubated at room temperature for 1 h. The primary antibody
was removed, and the membrane was washed 3 times in TBS with 5% Tween for 10 min each cycle.
The membrane was added to a mixture containing the secondary antibody horseradish peroxidase
(HRP)-conjugate goat anti-rabbit IgG (Thermo Fisher Scientific) in 1% skim milk in TBS at a 1:10,000
dilution and incubated at room temperature for 1 h. The secondary antibody was removed, and the
membrane was washed 3 times in TBS with 5% Tween for 10 min each cycle. The membrane was
then dried using a sterile paper towel. The membrane was placed into a black sunlight-blocking
container, and Pierce ECL� substrate (Thermo Fisher Scientific) was added, as per the manufacturer’s
specifications, and incubated at room temperature for 5 min. Detection was done using photo-
graphic paper.

Conjugation experiments. All in vitro matings were carried out as described previously (5). The
transconjugants were selected on TSC agar supplemented with the required antibiotics.

Animal trials. (i) Ethics statement. All animal experiments were assessed, approved, and monitored
by the CSIRO Australian Animal Health Laboratory Animal Ethics Committee (approval numbers AEC1517
and AEC1697) and in accordance with national (Australian Code for the Care and Use of Animals for
Scientific Purposes, 2013) and state (Victorian Prevention of Cruelty to Animals Act 1986 and part 4 of the
Prevention of Cruelty to Animals Regulations 2008) legislation.

(ii) Necrotic enteritis induction model to test in vitro-derived transconjugants. The inoculum
was prepared according to the method of Keyburn et al. (54). Briefly, C. perfringens strains were streaked
onto C. perfringens-specific agar (TSC; Oxoid). After incubation under anaerobic conditions at 37°C for 24

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or reference

Strains
EHE-NE18 Wild type 25
EHE-NE18 (Rifr) EHE-NE18 Rifr Tetr This study
EHE-NE18 pNetB (Ermr) EHE-NE18/pNetB-ErmR Rifr Tetr This study
WER-NE36 Wild type 59
WER-NE36 (Rifr) WER-NE36 Rifr This study
WER-NE36 pNetB (Ermr) WER-NE36/pNetB-ErmR Rifr This study
BER-NE33 Wild type 26
BER-NE33 (Nalr) BER-NE33 Nalr Tetr This study
PBD1 Wild type 60
PBD1 (Nalr) PBD1 Nalr This study
BER-NE33 BER-NE33/pNetB-ErmR Nalr Tetr Transconjugant
BER-NE33 BER-NE33/pNetB-ErmR Nalr Transconjugant
PBD1 PBD1/pNetB-ErmR Nalr Tetr Transconjugant
PBD1 PBD1/pNetB-ErmR Nalr Transconjugant
BER-NE33 BER-NE33/pNetB-ErmR Nalr Tetr Transconjugant
WER-NE36 WER-NE36/pNetB-ErmR Rifr Tetr Transconjugant

Plasmid
pNetB-ErmR pJIR3536 (ermR_TargetTron insertion)

between netI and ORF2a

This study

aORF2, open reading frame 2.
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h, colonies were transferred to 10 ml of fluid thioglycolate (FTG; Difco) and incubated anaerobically at
37°C for 18 h; 1 ml was then used to inoculate 20 ml of cooked meat medium (CMM; Oxoid) and again
incubated anaerobically at 37°C for 18 h. This was diluted to 1:20 in FTG medium and incubated under
the same conditions. Commercial 1-day-old Ross 308 broiler chickens were fed an antibiotic-free chicken
starter diet containing 20% protein for the 19 days prechallenge. The day before the challenge period,
the feed was changed to a high-protein fish meal, and this feed was maintained during the challenge
period. Ten birds per treatment group were challenged with C. perfringens on days 19 to 20 in-feed with
a 1:1 mixture of culture and feed (vol/wt), which was performed twice daily, morning and night. Water
was available ad libitum. Birds were euthanized by carbon dioxide asphyxiation on day 23; the birds were
dissected, and the small intestine was cut along its length to reveal the luminal surface. Intestinal lesions
were scored on a scale of 0 to 6 using a previously described scheme (55). Intestinal swabs from the small
intestine and necrotic enteritis lesions were collected from the birds. A one-way analysis of variance
(ANOVA) Kruskal-Wallis test with a Dunn’s posttest was used to determine statistical significance
between groups.

(iii) Cochallenge model. The culture preparation was performed as described above. Birds were
challenged with C. perfringens on days 21 and 22 in-feed with a 1:1 mixture of culture and feed (vol/wt),
which was performed twice daily, morning and night, with alternating challenge strains. For example, in
one challenge group, strain WER-NE36 was fed to chickens in the morning and strain BER-NE33 was fed
to the chickens at night, while in another group, the opposite was performed. Water was available ad
libitum. Birds were euthanized on day 23, and intestinal lesions were scored as described above.

(iv) Detection of transconjugants in chicken gut digesta/mucosa. Swabs were taken from lesions
or general gastrointestinal contents from chickens during necropsy, after disease was scored. Swabs were
plated on TSC agar (Oxoid). Single colonies were then taken and patched onto TSC plates with different
combinations of antibiotics, at concentrations described previously, to determine the antibiotic resis-
tance profile of each colony.

PFGE analysis. C. perfringens strains were grown overnight in TPG broth, and the bacterial pellets
were suspended in 1% PFGE-certified agarose gel. Agarose plugs were incubated for 1 h with gentle
shaking at 37°C in lysis buffer (0.5 M EDTA [pH 8.0], 0.5% N-lauryl-Sarkosyl, 0.25% lysozyme) and
subsequently incubated in 2% proteinase buffer overnight at 55°C. For each isolate, a portion of a plug
was equilibrated in 200 �l of restriction buffer at room temperature for 20 min and then digested with
20 U of SmaI at 25°C overnight. Electrophoresis was performed in a 1% PFGE-certified agarose gel and
separated with the CHEF-DR-III PFGE system (Bio-Rad Laboratories) in 0.5� Tris-borate-EDTA (TBE) buffer
at 14°C at 300 V for 20 h with a ramped pulse time of 4 to 38 s at an angle of 120°. The gels were stained
with GelRed and visualized by UV light. Midrange and low-range PFG markers (New England BioLabs)
were used as reference size standards on the gels.

Inhibition assay. Bacteria were grown overnight in heart infusion (HI) broth (Oxoid). Lawns of
bacteria were prepared by diluting the overnight culture in phosphate-buffered saline (PBS) to a density
of McFarland 1, and 100 �l of the suspension was spread on HI agar plates. Drops of 20 �l from actively
growing cultures (HI broth) were spotted onto the lawns, or single colonies were transferred onto the
lawns. Antimicrobial activity was indicated by the absence of a bacterial lawn around the colony.

DNA extraction, genome sequencing, and bioinformatic analysis. Strains were cultured from
�80°C glycerol stocks onto fresh TSC plates (Oxoid). Single colonies were used to seed overnight cultures
in tryptone-peptone-glucose (TPG) broth. The overnight broth was used to seed fresh TPG broth and
incubated for 8 h. Cultures were then centrifuged for 30 min, and the supernatant was discarded. The
pellets were subject to a phenol-chloroform DNA extraction. Genomes were sequenced using Illumina
MiSeq methods. Illumina MiSeq read data were quality trimmed using EA-utils version 1.1.2 fastq-mcf
program (55); sequences with an average quality score lower than 15 in a 5-bp sliding window were
trimmed. Reads with lengths less than 50 bp or more than 70% low complexity were discarded. MiSeq
reads were assembled using IDBA-UD version 1.1.1 with default settings (56). Plasmid contigs were
scaffolded against the completed plasmid sequences that have been previously published (5). Genomes
were annotated with Prokka (57), and the phylogenetic tree and strain comparisons were produced using
Roary (58) against the previously published genomes obtained from the National Center for Biotech-
nology Information database.
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