
UC Davis
UC Davis Previously Published Works

Title
NanI Sialidase Is an Important Contributor to Clostridium perfringens Type F Strain 
F4969 Intestinal Colonization in Mice

Permalink
https://escholarship.org/uc/item/4210661z

Journal
Infection and Immunity, 86(12)

ISSN
0019-9567

Authors
Navarro, Mauricio A
Li, Jihong
McClane, Bruce A
et al.

Publication Date
2018-12-01

DOI
10.1128/iai.00462-18
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4210661z
https://escholarship.org/uc/item/4210661z#author
https://escholarship.org
http://www.cdlib.org/


NanI Sialidase Is an Important Contributor to Clostridium
perfringens Type F Strain F4969 Intestinal Colonization in Mice

Mauricio A. Navarro,a Jihong Li,b Bruce A. McClane,b Eleonora Morrell,a Juliann Beingesser,a Francisco A. Uzala

aCalifornia Animal Health and Food Safety Laboratory System, School of Veterinary Medicine, University of
California, Davis, San Bernardino, California, USA

bDepartment of Microbiology and Molecular Genetics, University of Pittsburgh School of Medicine, Pittsburgh,
Pennsylvania, USA

ABSTRACT Clostridium perfringens type F (formerly enterotoxigenic C. perfringens
type A) strains produce an enterotoxin (CPE) to cause acute cases of food poisoning
and chronic nonfoodborne human gastrointestinal diseases (NFD), e.g., antibiotic-
associated diarrhea (AAD). NFD strains also produce NanI sialidase, an extracellular
enzyme that releases sialic acids from sialyated host macromolecules. Recent in vitro
studies suggested that NanI may contribute to NFD strain intestinal colonization by
enhancing the adherence of such strains to intestinal cells and promoting their bac-
terial growth using generated sialic acid as an energy source. The current study
tested this hypothesis by developing a mouse intestinal colonization model involv-
ing clindamycin pretreatment to produce conditions mimicking those during AAD. In
this model, the type F NFD strain F4969 persisted for at least 4 days in the small in-
testine, cecum, and colon. When clindamycin-pretreated mice were challenged by
oral gavage with equivalent numbers of F4969 bacteria or its isogenic nanI null mu-
tant, significantly lower numbers of the nanI mutant were recovered from all intesti-
nal segments, and it was completely cleared from the small intestine by day 4. Com-
plementation of the mutant to restore NanI production also promoted colonization.
When the same nanI null mutant strain was coinoculated into the mouse model to-
gether with a nanI-producing strain, the numbers of this mutant were restored to
wild-type F4969 levels in all intestinal segments. This result suggests that sialidases
produced by other bacteria might also provide some support for C. perfringens intes-
tinal colonization. Collectively, these in vivo findings identify NanI to be the first
known significant contributor to chronic intestinal colonization by NFD strains.

KEYWORDS Clostridium perfringens, intestinal colonization, mice, NanI sialidase

Clostridium perfringens is an important pathogen that causes intestinal and histotoxic
infections in humans and animals (1, 2). The virulence of this Gram-positive,

spore-forming anaerobe involves the production of a large repertoire of toxins, many
of which are implicated in specific diseases (3–5). The recently updated toxin-based
typing system classifies C. perfringens isolates into seven types (types A through G) on
the basis of the production of six typing toxins: alpha, beta, epsilon, iota, necrotic
enteritis B-like toxin, and enterotoxin (CPE) (6).

CPE is responsible for several important intestinal infections in humans and, per-
haps, animals (1, 3, 7). Specifically, C. perfringens type F (formerly known as CPE-positive
C. perfringens type A) strains cause nearly 1 million cases of human food poisoning (FP)
per year in the United States (8). This foodborne disease is clinically characterized by
acute diarrhea and abdominal cramps (8). C. perfringens type F strains also cause several
nonfoodborne human gastrointestinal (GI) diseases (NFDs), including antibiotic-asso-
ciated diarrhea (AAD) and sporadic diarrhea, both of which are often chronic conditions
(3, 9).
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Sialidases, also known as neuraminidases, release sialic acids from complex glyco-
conjugates, including those present on host cell surfaces and in the mucus of the
gastrointestinal and respiratory tracts (10, 11). Their action also exposes, for release by
other glycosylases and proteases, underlying sugars and amino acids that are subse-
quently metabolized by some microorganisms (11). C. perfringens produces up to three
sialidases, including NanH, which has a cytoplasmic location during log-phase growth,
and two secreted sialidases, named NanJ and NanI (12–15). When produced, NanI
accounts for most of the exosialidase activity of this bacterium in vitro (12, 16). Several
previous in vitro studies by our group suggested that NanI sialidase could be a factor
favoring intestinal colonization of NanI-producing C. perfringens. For example, this
sialidase facilitates the adherence of NanI-producing C. perfringens type C, D, and F
strains to enterocyte-like Caco-2 cells in vitro by modifying the surface of those host
cells (13, 14). NanI can also contribute to C. perfringens growth and survival in the
presence of Caco-2 cells or semipurified mucin (17). Besides those possible contribu-
tions to colonization, NanI also enhances the binding and cytotoxic activity of several
important enteric toxins produced by C. perfringens, including CPE (13–15, 18). Addi-
tionally, NanI production leads to the increased in vitro production of epsilon toxin by
C. perfringens type D (19). Lastly, intestinal proteases were shown to activate NanI ex
vivo, suggesting that the in vitro effects described above may be further enhanced
during C. perfringens intestinal infections (18).

Despite its pathogenic importance, colonization of the gastrointestinal tract muco-
sal surface (12) by C. perfringens remains poorly understood. Since NanI sialidase has
been associated with increased host cell adherence and the growth of C. perfringens in
vitro, it is reasonable to hypothesize that this enzyme, when produced, contributes to
intestinal colonization in vivo. However, the lack of a relevant animal model for C.
perfringens intestinal colonization has precluded direct testing of this postulate. In
response, the current study reports the development of a novel mouse model for
studying C. perfringens intestinal colonization. This model was then used with wild-type
type F strain F4969, an isogenic nanI null mutant, and a nanI-complemented strain to
identify NanI sialidase as the first proven intestinal colonization factor of C. perfringens.

RESULTS
Development of a mouse model for C. perfringens intestinal colonization. In the

absence of a suitable animal model, the first goal of this study was to develop a mouse
model to study C. perfringens NFD strain intestinal colonization. After numerous trials,
various parameters, such as the challenge dose, the timing of antibiotic administration,
and the timing and dose of C. perfringens challenge after antibiotic administration, were
established to develop an optimized protocol for a C. perfringens intestinal colonization
model in mice (Fig. 1).

In this model, mice were treated with clindamycin for 4 days, before a brief rest and
challenge with C. perfringens. This antibiotic treatment produces conditions mimicking
those occurring during AAD, which is one of the most common spontaneous C.
perfringens type F nonfoodborne GI diseases. Prior to challenge, no C. perfringens
bacteria were recovered from these BALB/c mice after a 4-day oral treatment with
clindamycin and a 2-day rest. After a 2-day rest, the clindamycin-treated mice were
orally challenged with �108 CFU/ml of wild-type cpe-positive strain F4969, a NanI-
producing type F NFD strain, in either Todd-Hewitt (TH) broth or TH broth only (no
infection). A 4-day-postchallenge experimental period was used in this model since it
falls within the natural duration of type F nonfoodborne GI diseases, which last from 1
to 21 days (20). Daily after challenge, animals were sacrificed and intestinal samples
were collected.

One day after this challenge, the level of colonization by wild-type F4969 (per gram
of mucosal scraping) was �105 CFU in the small intestine and �107 CFU in both the
cecum and colon (Fig. 2). This colonization persisted for at least 4 days in all intestinal
regions, gradually declining to 103 CFU in the small intestine and 106 CFU in the colon
and cecum (Fig. 2). PCR for the cpe gene was always positive when performed on
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representative colonies recovered from the F4969-challenged mice, confirming that
those colonies had derived from the initial bacterial challenge (Fig. 1). By comparison,
no C. perfringens colonies were recovered from mice challenged with TH broth alone
(Fig. 2), further confirming that the C. perfringens bacteria recovered from the F4969-
challenged mice were the challenge strain.

C. perfringens localization in the intestine. Samples of the three intestinal seg-
ments that had been challenged with wild-type F4969 or sterile TH broth alone (no

FIG 1 Development of a mouse model for Clostridium perfringens intestinal colonization. Male or female BALB/c mice (weight, 20 to 25 g)
were treated orally for 4 days with 1.0 mg of clindamycin dissolved in 0.5 ml of 0.9% sodium chloride by using sterilized oral gavage
needles. After 48 h with no treatment, groups of mice were orally challenged with TH broth only (no infection) or �108 CFU/ml of
wild-type F4969 in TH broth. Some mice were challenged with the same number of nanI null mutant or complemented cells instead of
the wild type. During the following 4 days, subgroups of mice (total � 8 mice per subgroup) were euthanized daily and mucosal scrapings
from the small intestine, cecum, and colon were collected and weighed. Samples were resuspended in TH medium, and serial dilutions
were plated on selective TSC agar plates for C. perfringens and anaerobically incubated overnight at 37°C to calculate the number of CFU
per gram of mucosal scraping. A representative number of black colonies obtained 24 h later was screened by PCR for the cpe gene. TSC,
tryptose-sulfite-cycloserine medium; compl., complemented.

FIG 2 Intestinal colonization of F4969 and isogenic derivatives using the new mouse intestinal colonization model. Mice pretreated for 4 days with clindamycin
were orally challenged with �108 CFU/ml of the wild-type (WT) F4969, nanI null mutant, or nanI-complemented strain in TH broth or with TH broth only. Each
day thereafter up to day 4, some mice were euthanized and intestinal scrapings were collected for plating on TSC agar. Significantly lower numbers of the nanI
mutant were recovered on days 3 and 4 from the small intestine (A) and cecum (B) and on all days from the colon (C) after bacterial challenge. *, P � 0.05. Each
data point represents the mean value for 8 mice (from three independent experiments). Error bars show standard errors of the means.
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infection) were collected, processed for histology, and either stained with periodic
acid-Schiff (PAS) and Gram stain for covisualization of mucus and Gram-positive rods or
tested by C. perfringens immunohistochemistry (IHC) using an indirect immunoperox-
idase technique. One day after bacterial challenge, many Gram-positive rods were
visualized in the preserved mucus covering the mucosa of all intestinal segments of the
mice inoculated with F4969 (Fig. 3A). Some of these bacteria directly abutted the
epithelial cells (not shown). The great majority of those Gram-positive rods were
positive by C. perfringens IHC (Fig. 3B). No Gram-positive rods or C. perfringens immu-
nostaining was observed in the intestinal segments of mice challenged with TH broth
alone (no infection) (Fig. 3).

Construction and characterization of a C. perfringens F4969 nanI null mutant.
To investigate whether NanI sialidase can play a role during intestinal colonization by
NFD strains, the nanI gene in the transformable type F, human NFD strain F4969 was
insertionally inactivated using the Clostridium-modified TargeTron method, as de-
scribed previously (13). Prior to performing mutagenesis, PCR analyses confirmed
previous reports (15) that wild-type F4969 is cpe positive and carries all three recog-
nized C. perfringens sialidase genes (Fig. 4A), including nanH, which encodes the NanH
sialidase with a cytoplasmic location in log-phase cultures, and nanI and nanJ, which
encode the NanI and NanJ exosialidases, respectively. Identification of these genes was
demonstrated by PCR using primers specific for the internal nanH, nanI, and nanJ open
reading frame (ORF) sequences; those primers amplified the expected PCR products of
285, 467, and 306 bp, respectively (Table 1).

However, consistent with the insertion of an �900-bp intron into the targeted nanI
ORF, the same nanI primers amplified a PCR product of �1,400 bp from the isogenic
nanI null mutant strain generated by TargeTron mutagenesis (Fig. 4A). As expected, PCR
also showed that the nanI mutant still carried the nanH, nanJ, and cpe genes (Fig. 4A).
A nanI-complemented strain of F4969 was then prepared, as described previously (13),
by transforming the nanI mutant with a pJIR750 shuttle plasmid carrying the nanI gene
expressed under the control of its own promoter.

To assess whether only a single intron had inserted into the nanI null mutant, DNA
from the F4969 wild-type strain or the nanI mutant was subjected to Southern blot
analysis using an intron-specific probe (13). The presence of only a single intron
insertion was detected on this Southern blot using DNA from the nanI null mutant (Fig.
4B). In contrast, no probe hybridization to wild-type DNA was detected.

FIG 3 C. perfringens localization in the intestine. (A) PAS and Gram staining of the small intestine of a
mouse 1 day after challenge with the F4969 wild-type strain (left) or TH broth alone (right). Numerous
Gram-positive rods are visible within the mucus layer. (B) C. perfringens immunohistochemistry on the
small intestine of a mouse challenged with the F4969 wild-type strain. Most of the immunopositive
staining is present within the mucus layer. Note that no immunostaining was present in the absence of
F4969 challenge. TH only indicates challenge with sterile medium (no infection). Magnifications, �600.
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Western blots then compared sialidase expression between F4969 and its derivative
strains. This analysis demonstrated that sonicated 8-h TH broth cultures of both
wild-type F4969 and the nanI-complemented strains contained the 127-kDa NanJ, the
77-kDa NanI, and the 43-kDa NanH sialidases; in contrast, the F4969 nanI null mutant
produced only the NanH and NanJ sialidases. For phenotypic characterization, exosiali-
dase activity assays were carried out using 16-h TH broth culture supernatants of the
F4969 wild-type, nanI null mutant, and nanI-complemented strains. The results con-
firmed that exosialidase activity was significantly reduced in the supernatants from the
nanI null mutant strain compared with that in the supernatants from wild-type F4969
(Fig. 4C). This result is consistent with previous reports (15, 17) that NanI is the
predominant exosialidase of this strain. Furthermore, complementation of the mutant
significantly increased exosialidase activity (Fig. 4C).

Inactivation of the nanI sialidase gene impairs C. perfringens F4969 intestinal
colonization in mice. Our new mouse model (Fig. 1) was used to evaluate whether
NanI can contribute to F4969 intestinal colonization. Clindamycin-pretreated mice were
orally challenged with equivalent numbers of bacteria of the F4969 wild-type, the
isogenic nanI null mutant, or the nanI-complemented strain. By day 4 postchallenge,
significantly lower numbers of the nanI mutant were recovered from the small intestine,
cecum, and colon of these mice than from the same organs of mice receiving a similar
challenge using the F4969 wild-type or nanI-complemented strain (Fig. 2). After day 2
postchallenge, the clearance rate for the nanI mutant from the colon paralleled the
clearance rate for the NanI-producing strains (Fig. 2C), but the clearance rate was higher
from the small intestine and cecum (Fig. 2A and B). Of note, the nanI mutant was
completely cleared from the small intestine by day 4 postchallenge, while the wild-type

FIG 4 Characterization of the C. perfringens F4969 nanI null mutant. (A) PCR analysis of the wild-type F4969 strain shows genes for all three C. perfringens
sialidases (nanH, nanI, nanJ) and the cpe gene. The mutant strain carries the wild-type nanH, nanJ, and cpe genes but has a 0.9-kb intron insertion in its nanI
gene. The leftmost lane contains molecular size markers (the numbers on the left are in base pairs). (B) Southern blot hybridization of an intron-specific probe
with DNA from the wild-type F4969 or the nanI null mutant strain. A single intron insertion was detected using DNA only from the nanI null mutant. The leftmost
lane contains DNA fragment size markers. (C) Sialidase activity analyses for the wild-type F4969, nanI null mutant, and complemented strains using 16-h TH
broth culture supernatants. *, P � 0.05. The error bars indicate standard errors. OD595, optical density at 595 nm.

TABLE 1 Primers used in this study

Primer name Sequence (5=–3=) Target gene Product size (bp)

nanHKOF AATTGGATGGCTAGGTGGAGTT nanH 285
nanHKOR CAGGTGCTTCCTAAATCGTGAG

nanIKOF CAAGAGTTGGTTTTGAGC nanI 467 (wild type), 1,367
(null mutant)nanIKOR AAATAAGGCTGGTATTCTG

nanJKOF CTGCAATTCAAGGTGTTGGTG nanJ 306
nanJKOR CTTGTCTTCTAAGCTCATATCC

CPEnteroF GGAGATGGTTGGATATTAGG cpe 233
CPEnteroR GGACCAGCAGTTGTAGATA
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and nanI-complemented strains still persisted in that intestinal region until the end of
the experiments at day 4 (Fig. 2A).

C. perfringens IHC was also performed on intestinal samples from mice 4 days after
they had been orally challenged (Fig. 5), and the results mirrored the results presented
in Fig. 2. Specifically, the abundant presence of C. perfringens was detected in the small
intestine, cecum, and colon from mice orally challenged with wild-type F4969. In
samples from mice orally challenged with the F4969 nanI mutant, fewer C. perfringens
bacteria were present in the cecum and colon and none were present in the small
intestine. As expected on the basis of the results presented in Fig. 2, no C. perfringens
bacteria were evident after immunohistochemical staining of these intestinal regions
from mice challenged with sterile TH broth, confirming that the C. perfringens bacteria
recovered from the mice challenged with F4969 or the F4969 nanI mutant were from
the inoculum.

Coinfection with a nanI-producing strain enhances intestinal colonization by
an isogenic nanI null mutant. In Fig. 2, much lower numbers of C. perfringens bacteria
were recovered from all intestinal segments of mice inoculated with the isogenic nanI
null mutant than from mice challenged with wild-type F4969 or the complemented
strain. Therefore, an experiment was performed to distinguish whether coinfection with
both an isogenic nanI mutant and a nanI-producing strain would either (i) allow the
nanI producer to outcompete the mutant for intestinal colonization or, instead, (ii)

FIG 5 Microscopy comparison of wild-type and nanI mutant strain abundance in mouse intestine. Note that inactivation of the nanI sialidase gene decreases
the amount of C. perfringens F4969 in the intestine of mice. Representative C. perfringens IHC images of the intestines of mice on day 4 postchallenge are shown.
Consistent with the findings presented in Fig. 2, lower numbers of the nanI mutant than the wild-type strain were visualized on day 4 in the small intestine,
cecum, and colon after bacterial challenge in clindamycin-pretreated mice.
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enhance the colonization of the mutant. For this study, the mouse model for
intestinal colonization described earlier was employed with a few modifications: (i)
clindamycin-pretreated mice were orally and simultaneously challenged with equiv-
alent numbers of both the F4969 nanI null mutant and the nanI-complemented
strain (the nanI-complemented strain was used in this experiment to allow the rapid
quantitative discrimination of the nanI-complemented chloramphenicol [CM]-
resistant strain from the CM-sensitive nanI mutant by plating intestinal tissue samples
on both CM-free and CM-containing tryptose-sulfite-cycloserine [TSC] agar), (ii) serial
dilutions from homogenized mucosal scrapings obtained at days 1 and 3 were plated
in duplicate on TSC agar plates with or without CM (since the nanI-complemented
strain carries a gene for resistance to this antibiotic), and (iii) representative numbers of
the recovered colonies from the CM-free TSC plates were tested by nanI PCR using
primers nanIKOF and nanIKOR (Table 1), to confirm the proportions of mutant versus
complemented strains indicated by plate count results.

Consistent with the results presented in Fig. 2, plate counting indicated and colony
PCR confirmed that the nanI-complemented strain persisted at high levels in all
intestinal segments even 3 days after the coinfection challenge (Fig. 6 and 7). Further-
more, both of those approaches demonstrated that the nanI null mutant persisted in
all intestinal segments at similar numbers as the nanI-producing strain throughout the

FIG 6 Coinfection with a C. perfringens nanI-producing strain enhances intestinal colonization by an isogenic nanI null mutant. Clindamycin-pretreated mice
were orally challenged with equivalent numbers of the F4969 nanI null mutant and the nanI-complemented strains. On days 1 and 3 thereafter, groups of mice
were euthanized and intestinal scrapings were collected for plating on TSC agar (with or without chloramphenicol). The nanI null mutant persisted at similar
numbers as the nanI-producing strain throughout the 3-day challenge in the small intestine (A), cecum (B), and colon (C). ns, not significantly different. Each
data point represents the mean value for 5 mice. Error bars show standard errors of the means.

FIG 7 PCR of C. perfringens colonies isolated from the coinfection experiment. Representative PCR electrophoresis
images of recovered colonies tested for nanI by PCR using the primers nanIKOF and nanIKOR to distinguish the nanI
null mutant (1,367 bp) from the nanI-complemented (467 bp) strain are shown. Clindamycin-pretreated mice were
orally challenged with equivalent numbers of the F4969 nanI null mutant and the nanI-complemented strains.
Representative numbers of C. perfringens colonies from intestinal mucosal scrapings were tested by PCR on days
1 and 3. The numbers on the left are molecular size markers (in base pairs). S.I., small intestine.
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3-day coinfection challenge (Fig. 6 and 7). The number of nanI null mutant colonies
recovered in all intestinal segments from mice coinfected with both strains (Fig. 6 and
7) was significantly higher than the number recovered from mice receiving the F4969
nanI null mutant strain alone (Fig. 2).

A control experiment was performed using a similar challenge with the comple-
mented strain alone to assess whether the high colonization rate of the mutant is an
artifact of in vivo nanI plasmid loss from the complemented strain, which would cause
those strains to appear by plate counting and PCR as the mutant input strain. This
control experiment detected by PCR the in vivo loss of the nanI plasmid from only 5%
to 10% of the complemented strains by day 3 postchallenge. The results in Fig. 6 were
therefore corrected to account for the 10% in vivo conversion of complemented cells
to the mutant that was due to spontaneous nanI plasmid loss during the experiment.

DISCUSSION

Mucosal surfaces are frontline barriers that limit invasion by both commensal and
pathogenic bacteria into deeper tissues. However, commensals and some pathogens
(particularly those causing chronic diseases) colonize and persist on mucosal surfaces
(21). An important mucosal colonization strategy used by some of those bacteria is to
produce one or more sialidases (22). The paradigm bacterial pathogen for understand-
ing sialidase contributions to mucosal surface colonization is Streptococcus pneumoniae,
which produces up to three sialidases (NanA, NanB, and NanC) that promote respiratory
tract colonization (23).

Sialidases can contribute to mucosal colonization in several ways. First, they gen-
erate free sialic acid, which can then be metabolized for growth or survival. Several
commensal and pathogenic intestinal bacteria are known to use sialic acid as a source
of carbon and energy, e.g., C. difficile (24), C. perfringens (25, 26), Escherichia coli (27),
Vibrio cholerae (28), and Vibrio vulnificus (29). Some of those enteric pathogens, e.g., C.
difficile (24), use the sialic acid generated by sialidases produced by other bacteria.
However, many intestinal bacteria, including some pathogens (e.g., V. cholerae and C.
perfringens), produce their own sialidase. In addition to generating sialic acid for
growth, sialidases may expose other underlying sugars or amino acids on intestinal
glycoconjugates for release by other degradative enzymes, e.g., C. perfringens hyal-
uronidase or proteases, followed by the uptake and metabolism of those nutrients. Last,
producing their own sialidase may help these intestinal pathogens to adhere to the
mucosal surface of the intestines by modifying the mucosal surface to reduce charge
repulsions and/or expose occluded adhesin receptors (12).

Despite their potential importance, sialidase contributions to colonization by intes-
tinal pathogens have received relatively limited study. However, recent in vitro studies
suggested a potential intestinal colonization role for NanI sialidase by showing that two
C. perfringens wild-type intestinal disease strains, i.e., CN3718 and F4969, adhered more
efficiently to enterocyte-like Caco-2 cells than their isogenic mutants that did not
produce the NanI sialidase (13, 15). Restoring NanI production by complementation
boosted adherence, confirming an important role for NanI in the attachment of those
C. perfringens strains to Caco-2 cells (13, 15). In addition, NanI sialidase was shown to
contribute to the in vitro growth and survival of F4969 using two intestinally relevant
nutrient sources, i.e., mucin or enterocyte-like cells (17).

Given the limited direct information available regarding the role of sialidases in
intestinal colonization, the present study sought to extend our previous in vitro
observations using a newly developed clindamycin-treated mouse model of C. perfrin-
gens intestinal colonization that produces conditions that mimic those during AAD, a
major type F nonfoodborne GI disease. Using this model, we first showed that F4969
can persistently colonize the small intestine, cecum, and colon. When F4969 wild-type,
isogenic nanI mutant, and complemented strains were tested in this mouse model,
NanI sialidase production was shown to increase significantly the persistence of the
pathogenic C. perfringens type F F4969 strain in all intestinal segments for at least 4
days after intragastric bacterial inoculation. Specifically, inactivation of the nanI gene
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significantly reduced the ability of F4969 to colonize the mouse gut, while comple-
mentation restored colonization, ruling out the possibility that nonspecific secondary
mutations caused the reduced colonizing ability of the nanI mutant. To our knowledge,
this is the first clear demonstration of a bacterial pathogen producing its own sialidase
to enhance intestinal colonization in vivo. On the basis of the previously presented
results of in vitro studies discussed in the preceding paragraph, the contribution of NanI
to NFD strain intestinal colonization is likely complex, involving (at a minimum) both an
enhancement of in vivo adherence and the growth/survival of these strains.

Identifying NanI as an important C. perfringens intestinal colonization factor has
implications for understanding disease outcomes. For example, it helps to explain our
previous observations (15) that nanI is (i) present in C. perfringens enteric disease strains
that persistently colonize the intestine, such as type F strains causing CPE-associated
chronic NFD, but (ii) absent from C. perfringens type F FP strains, which cause only an
acute infection. Coupling the results of the current study with those epidemiologic
association patterns suggests that NanI is an important contributor to the more chronic
nature of NFD, where prolonged colonization plays a critical role during repetitive
cycles of intestinal vegetative growth and sporulation with associated CPE production.
Further supporting a role for NanI in intestinal colonization is the observation that
commensal type A strains of C. perfringens isolated from the intestines of healthy
humans also produce NanI (15). In contrast, limited colonization due to an inability to
produce NanI may help to explain the acute nature of C. perfringens type F FP.

Interestingly, intestinal colonization by the F4969 NanI null mutant strain was
restored to wild-type levels if the mutant was coinoculated with a nanI-complemented
strain into mice. The ability of the NanI exosialidase produced by this complemented
strain to sustain colonization of both the mutant and the complemented strains could,
on the basis of in vitro results (13, 15, 17), be attributable to NanI enhancing F4969
adherence and the growth/survival of the mutant. If NanI similarly affects C. perfringens
in vivo growth, that would resemble the effect previously observed for the C. difficile
630 strain (24), which encodes the nan operon but lacks a sialidase (30). Consequently,
it is proposed that C. difficile acquires and metabolizes free sialic acids generated by
other sialidase-producing microorganisms in the intestine (11, 24, 31). It is possible that
sialidases of commensal bacteria might also provide some nutrients to NanI-negative
type F strains during FP. However, that effect would be unlikely to achieve intestinal
sialidase levels comparable to those present during infections by NanI-positive strains
during NFD, where up to �109 C. perfringens bacteria per gram of stool can occur (32).
In addition, sialidases differ in their substrate specificity and other properties, so the
sialidases of commensal bacteria may not provide levels of nutrients equivalent to
those generated by high levels of NanI during NFD. Similarly, low levels of other
sialidases many not cause the same mucosal surface modifications as NanI, which may
be important because (i) those surface modifications can facilitate C. perfringens NFD
strain adherence to Caco-2 cells (13, 15) and (ii) the absence of NanI production by FP
strains suggests an explanation for their relatively rapid clearance from the intestine
during FP.

NanI sialidase is likely to be particularly important for C. perfringens growth in
nutrient-limited environments like those that can occur in the intestine. For example,
the levels of glucose in the small intestine are highly variable (33), which is significant,
since abundant glucose reduces the production of NanI (26). When produced, NanI
sialidase has been shown to generate sialic acids from sialyated host macromolecules,
like mucins (17). Mucins are major components of the mucus that covers the surface of
cells lining the digestive tract (34). The presence of many C. perfringens cells on the
mucosal surface, as observed in this study, would provide these bacteria with easy
access to mucin. Mucin glycoproteins are synthesized by goblet cells present in all
intestinal segments (35). However, the proportion of goblet cells along the intestinal
mucosa is not uniform; i.e., it increases caudally from the duodenum (4%) to the distal
colon (16%) (35, 36). This correlates with the increasing number of microorganism
present along the intestine, with the distal colon having the highest numbers (36). The
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lower numbers of C. perfringens bacteria, particularly those lacking NanI, recovered
from the small intestine than from the cecum or colon in the current study may be due,
at least in part, to this uneven distribution of goblet cells and the smaller amount of
mucin available in this intestinal segment.

Previous studies have provided evidence that NanI sialidase also increases the
cytotoxic effects of several C. perfringens toxins involved in diseases originating in the
GI tract, e.g., beta and epsilon toxins and CPE (13, 18). This NanI-induced increase in
cytotoxicity involves the enhanced binding of those toxins to host cells. The mecha-
nism by which NanI improves toxin binding is not completely understood, but it may
involve physical changes on the surface of host cells by removing sialic acids, thus
reducing charge repulsion effects and facilitating interaction of the toxins with their
receptors (12, 18). While the C. perfringens F4969 strain used in this study can produce
CPE, the present animal model of C. perfringens colonization is not suitable to repro-
duce the intestinal pathology caused by CPE since it does not induce significant in vivo
sporulation of C. perfringens, which is needed for CPE production. Therefore, further
studies will be needed to develop another model to evaluate the role of NanI sialidase
in CPE-associated intestinal disease in vivo. This is particularly important considering
the potential use of sialidase inhibitors as an alternative method to treat intestinal
infections caused by C. perfringens (12).

MATERIALS AND METHODS
Bacterial strain, plasmids, media, and chemicals. F4969, a C. perfringens type F (formerly CPE-

positive type A) nonfoodborne human GI disease strain (37), was used in this study. This strain carries the
cpe gene encoding CPE and all three sialidase genes (nanJ, nanI, and nanH). The plasmids used in this
study to prepare a F4969 nanI null mutant strain and nanI-complemented strain were created as
described previously (13).

The following media were used for culturing C. perfringens: cooked meat medium (CMM; Difco
Laboratories), fluid thioglycolate (FTG) medium (Sigma-Aldrich), TH medium (Bacto Todd-Hewitt broth
[Becton, Dickinson] with 0.1% sodium thioglycolate [Sigma-Aldrich]), TGY medium (3% tryptic soy broth
[Becton, Dickinson], 2% glucose [Fisher Scientific], 1% yeast extract [Becton, Dickinson], 0.1% sodium
thioglycolate [Sigma-Aldrich]), brain heart infusion (BHI) agar plates (Becton, Dickinson), and tryptose-
sulfite-cycloserine (TSC) agar plates made of SFP agar base (Becton, Dickinson) with 0.04% D-cycloserine
(Sigma-Aldrich). Mice were treated with clindamycin hydrochloride (MP Biomedicals) dissolved in 0.9%
sodium chloride (Baxter Healthcare Corporation).

DNA extraction and PCR analysis. DNA was extracted from the C. perfringens strains using a
MasterPure Gram-positive DNA purification kit (Epicentre) following the instructions of the manufacturer.
The primers used in this study are listed in Table 1. For all gene targets, PCR amplification conditions were
the following: cycle 1 was 95°C for 5 min; cycles 2 through 35 were 95°C for 30 s, 55°C for 40 s, and 68°C
for 90 s; and the final extension step was for 5 min at 68°C. An aliquot (20 �l) of each PCR sample was
visualized after electrophoresis on a 1.5% agarose gel stained with ethidium bromide.

Preparation of isogenic nanI null mutant and complemented strains. The Clostridium-modified
TargeTron system was utilized to inactivate the nanI gene in F4969 via the targeted insertion of a group
II intron (13). As described previously, a TargeTron plasmid that targets insertion of a sense-oriented
intron (�900 bp) between nucleotides 730 and 731 of the nanI open reading frame (ORF) was prepared
(13). Primers nanIKOF and nanIKOR were used to screen for the intron insertion into the nanI gene by
PCR. This PCR amplifies a 467-bp product from the wild-type nanI gene but a 1,367-bp product from a
nanI null mutant strain. As also described previously (13), a pJIR750 shuttle plasmid carrying the nanI
gene expressed from its own promoter was prepared and introduced by electroporation into the F4969
nanI null mutant strain to create the F4969 nanI-complemented strain.

Southern blot analysis. DNA was isolated from the C. perfringens F4969 wild-type and nanI null
mutant strains using the MasterPure Gram-positive DNA purification kit (Epicentre). Each DNA sample
was then digested with EcoRI overnight at 37°C and run on a 1% agarose gel. After alkali transfer to a
nylon membrane (Roche), the blot was hybridized with a digoxigenin-labeled, intron-specific probe as
previously described (38). This intron-specific probe was prepared using the primers KO-IBS and
KO-EBS1d (38) and a PCR digoxigenin labeling kit (Roche Applied Science) following the instructions of
the manufacturer.

Western blot analysis. A 200-�l aliquot of an overnight FTG culture of the C. perfringens F4969
wild-type, nanI null mutant, or nanI-complemented strain was inoculated into 10 ml of TH medium.
Samples were collected, and each supernatant or the sonicated whole culture was mixed with SDS
loading buffer and boiled for 5 min. Those mixtures were electrophoresed on an 8% polyacrylamide gel
containing SDS for analyzing sialidase proteins. The gels were then subjected to Western blotting using
appropriate antibodies, as described previously (13).

Measurement of sialidase activity in culture supernatant. The NanI sialidase activity in the
supernatants of overnight cultures of F4969 was reported to represent most of the total sialidase activity
associated with this strain (15). This was confirmed, as previously described (13). Briefly, a 0.2-ml aliquot
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of an FTG overnight (�16-h) culture of the F4969 wild-type, the nanI null mutant, or the nanI-
complemented strain was transferred to 10 ml of fresh TH medium and cultured overnight at 37°C. The
next day, a 0.2-ml aliquot was transferred to a new 10 ml of fresh TH medium and cultured for 16 h at
37°C. A 20-�l aliquot of supernatant from that TH broth culture was added to 60 �l of 0.05 M Tris-HCl
buffer (pH 7.2) in a microtiter plate. A 20-�l aliquot of substrate (4 mM 5-bromo-4-chloro-3-indolyl-�-D-
N-acetylneuraminic acid [Sigma-Aldrich]) was added, and the mixture was incubated at 37°C for 30 min.
The absorbance at 595 nm was then measured using a Bio-Rad microplate reader.

Mouse model for C. perfringens F4969 intestinal colonization. All procedures involving animals
were reviewed and approved by the University of California, Davis, Committee for Animal Care and Use
(permit 19186). The experimental protocol is summarized in Fig. 1. Roughly equal numbers of male and
female BALB/c mice (weight, 20 to 25 g) were treated orally daily for 4 days with 1 mg of clindamycin
dissolved in 0.5 ml of 0.9% sodium chloride by using sterilized oral gavage needles (22 gauge, 50 mm
long). The animals were kept in sterilized cages with sterile bedding and offered feed and water (both
of which were sterile) ad libitum. Each day, mice were placed into new sterilized cages. This was followed
by a 48-h period with no treatment. Then, three groups of mice were challenged with 0.5 ml of overnight
TH broth cultures containing �108 CFU/ml of the F4969 wild-type (n � 32), F4969 nanI null mutant (n �
32), or F4969 nanI-complemented (n � 32) strain by using sterilized oral gavage needles. A fourth group
(n � 32) was challenged with 0.5 ml of sterile TH broth. During the following 4 days, groups of mice were
euthanized daily and samples were collected from the small intestine, cecum, and colon. Those samples
were fixed by immersion in Carnoy’s fixative for 2 h and then transferred to 10% buffered formalin, pH
7.2, for 24 to 72 h, dehydrated through alcohols to xylene, and embedded in paraffin wax. Approxi-
mately 4-cm-long sections of these segments were collected aseptically, opened longitudinally, and
gently washed in sterile 0.9% sodium chloride, and mucosal scrapings were then collected using
scalpel blades. The mucosal scrapings were weighed and resuspended in TH medium. Serial dilutions
(10�1 to 10�8) in TH medium were plated on selective TSC agar plates for C. perfringens and
anaerobically incubated overnight at 37°C. Twenty-four hours later, black colonies, indicative of C.
perfringens (39), were counted for calculation of the number of CFU per gram. A representative
number of those colonies was screened by PCR for the cpe gene to confirm that they originated from
the inoculated F4969 strain.

C. perfringens microscopy. Four-micrometer sections were cut from the paraffin blocks of all
intestinal segments of mice inoculated with C. perfringens and TH broth alone, and they were costained
with periodic acid-Schiff (PAS) and Gram stain for covisualization of mucus and Gram-positive rods.
Four-micrometer-thick paraffin-embedded sections of small intestine, cecum, and colon were also
processed by an indirect immunoperoxidase technique for C. perfringens as previously described (40),
using a Dako EnVision kit (Dako, Carpenteria, CA) according to the instructions of the manufacturer. The
primary antibody was rabbit polyclonal anti-C. perfringens (GenWay Bio, San Diego, CA). Intestinal
samples from mice receiving clindamycin but no C. perfringens inoculation were used as negative
controls. Additional negative controls consisted of serial tissue sections of the test tissue incubated with
normal rabbit serum instead of the specific antibodies. The colon of a goat from which C. perfringens had
been isolated was used as a positive control.

Mouse model for coinfection with the F4969 nanI null mutant and nanI-complemented strains.
For the mouse model of coinfection with the F4969 nanI null mutant and nanI-complemented strains,
after 4 days of clindamycin treatment and 48 h of rest, mice (n � 10) were inoculated with 0.5 ml of
overnight TH broth cultures containing �108 CFU/ml of the F4969 nanI null mutant and �108 CFU/ml
of the F4969 nanI-complemented strains by using sterilized oral gavage needles. On the first and third
days after inoculation, groups of mice were euthanized and mucosal scrapings of small intestine, cecum,
and colon were collected as described above and resuspended in TH medium. Serial dilutions (10�1 to
10�8) in TH medium were plated in duplicate on selective TSC agar plates for C. perfringens with or
without chloramphenicol (CM) and incubated anaerobically overnight at 37°C. The rationale behind this
differential plating is that the nanI-complemented strain carries a gene encoding resistance to this
antibiotic, so both the nanI mutant and complemented strains can grow on TSC agar without CM but
only the complemented strain can grow on TSC agar with CM. Twenty-four hours later, black colonies
were counted for calculation of the number of CFU per gram. A representative number of those colonies
(about 20 per intestinal segment) was screened by PCR for nanI using the primers nanHKOF and
nanHKOR (Table 1) to evaluate the proportion of nanI null mutant and nanI-complemented strains
recovered on each day and, thus, confirm the plate count results. A control experiment was performed
using a challenge with the complemented strain alone to examine for spontaneous plasmid loss, which
would cause those bacteria to appear as the mutant strain when plated on TSC plates with CM or by PCR
on TSC plates without CM. This control experiment detected the loss of the nanI plasmid by �5 to 10%
of the complemented strains by day 3 postchallenge. The number of colonies counted on CM plates
was then increased by 10% to account for this spontaneous nanI plasmid loss. With this information,
the final number of nanI null mutant colonies in the coinfection assay was calculated as follows: the
total number of colonies of the nanI null mutant and nanI-complemented strains (colonies counted
on TSC plates with no CM) minus the number of nanI-complemented strain colonies (colonies
counted on TSC plates with CM).

Statistical analyses. All statistical analyses were performed using R (v3.3.1). For comparison of
sialidase activity in culture supernatants, one-way analysis of variance (ANOVA) was applied with post hoc
analysis using Tukey’s multiple-comparison test. Bacterial counts were compared by negative binomial
regression analysis. Differences were considered significant when the P value was less than 0.05.
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