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Corynebacterium diphtheriae infection localizes to Caenorhabditis elegans
pharynx and hind gut

To examine the corynebacterial infection directly in C. elegans, which is a
transparent organism, | utilized fluorescence microscopy. In order to view C.
diphtheriae, pK-PIM, an integration vector (23) containing yellow fluorescent protein
(YFP) under the control of a constitutive promoter, was used. This vector was
delivered to C. diphtheriae via conjugation from E. coli and integrated into the
corynebacterial chromosome at aftP sites (23). The nematodes were then exposed
to the fluorescent C. diphtheriae for different periods of time and visualized under
the microscope.

In Figure 8A, the full size nematode and the areas with the most C.
diphtheriae localization are highlighted with red boxes. These areas include the
pharynx region (Figure 8B, 8D, and 8F) and the hindgut (Figure 8C, 8E, and 8G).
Figure 8, B and C depict a worm that was exposed to C. diphtheriae for 18 hours,
while D and E depict a worm that was exposed to C. diphtheriae for 24 hours. From
18 to 24 hours, there was an accumulation of C. diphtheriae in the hindgut (C vs. E),
while the levels of C. diphtheriae in the pharynx remained the same (B and D). As a
control | also observed C. elegans exposed to non-pathogenic E. coli OP50, the
nematode lab diet (Figure 8F and 8G). C. elegans contain auto fluorescent
lipofuscin granules that appear green in these images In addition to C. diphtheriae

localization; there is a stark difference in tail swelling when nematodes are fed on C.
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Figure 8: C. diphtheriae NCTC13129 causes gut distention and tail sllling in C.
elegans. N2 L4 stage worms were exposed to C. diphtheriae NCTC13129 strain for
18 (B, C) and 24 hours (D, E) and to OP50 non-pathogenic E. coli for 24 hours (F,
G). 18 and 24 hours post-infection worms were obtained, anesthetized and washed
to remove residual bacteria. They were then visualized under the microscope. 8A
depicts the full size nematode and the areas of C. diphtheriae localization
(highlighted with red boxes) are the pharynx region (Figure 8B, 8D, and 8F) and the
hindgut (Figure 8C, 8E, and 8G). From 18 to 24 hours, there was an accumulation
of C. diphtheriae in the hindgut (C vs. E), while the levels of C. diphtheriae in the
pharynx remained the same (B and D). As a control | also observed C. elegans
exposed to normal lab diet (F and G). C. elegans contain auto fluorescent lipofuscin
granules that appear green in these images (F and G). Bars indicate a distance of

100 um.
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diphtheriae compared to feeding on E. coli OP50, and nematodes fed on C.
diphtheriae also exhibit a distended gut. The significant tail swelling that occurs in
nematodes infected with C. diphtheriae, is seen in Figure 8C and 8E where the talil
does not come to a point as it does when the nematodes are exposed to E. coli
OP50 (Figure 8G). The tail swelling phenotype is called deformed anal region or
Dar and has only been observed when C. elegans are exposed to one other

species, M. nematophilum (7).

Corynebacterium diphtheriae infection mediates Dar formation and
constipation in Caenorhabditis elegans

The Dar phenotype was first observed by the Hodgkin group and they found
that M. nematophilum adheres to the rectal cuticle of the nematodes and causes
swellling of the underlying tissue, but the infection is not lethal (7). The tail swelling
occurs as a result of an immune response to combat nematode constipation caused
by the bacterial infection (21). | investigated whether the same phenotypes, Dar and
constipation, are observed when C. elegans are exposed to C. diphtheriae. At 24
hours post-infection, approximately 70% of the nematodes examined express the
Dar phenotype and 45% of the nematodes were severely constipated (Figure 9);
severe constipation was also accompanied by a distention in the later part of the
intestine, close to the anus of the nematode.

A time course assay was also performed to visually analyze the C.
diphtheriae infection in the nematodes at 24, 48, 72, and 96 hours post-infection

(Figure 10). The LTso of nematodes exposed to parental C. diphtheriae is
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Figure 9: 24 hours post-infection with C. diphtheriae NCTC13129, 70% of C.
elegans express Dar phenotype and 45% are severely constipated. N2 L4
stage worms were exposed to C. diphtheriae NCTC13129 for 24 hours,
anesthetized, washed to remove residual bacteria, and visualized by microscopy.
Severe Dar compared to attenuated Dar (refer to Figure 8E compared to 8G) is
when the tail does not come to a point as it does when the nematodes are exposed
to E. coli OP50. Severe constipation compared to attenuated constipation (refer to
Figure 8E compared to 8C) is when the hind gut of the worm is distended and full of

corynebacteria.
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Figure 10: Time course assay following C. diphtheriae infection in C. elegans.
N2 L4 stage worms were exposed to C. diphtheriae NCTC13129 strain for 24 (A),
48 (B), 72 (C), or 96 hours (D). The nematodes were anesthetized, washed to
remove residual bacteria, and visualized by microscopy. The severity of C. elegans
constipation and gut distension increases over time and appears to move up the
nematodes body from the anus to the middle intestine. Bars indicate a distance of

100 um.

51



52



approximately three days; therefore with this time course | would be able to see the
infection as it progresses from initial colonization to fatal illness in the nematode. As
shown in Figure 10A, 24 hours post-infection, severe constipation and hindgut
distention were observed. 48 hours post-infection (Figure 10B), constipation
appeared to increase and corynebacterial colonization expanded towards the
middle of the nematode. Interestingly, segmented pod-like clusters were observed
within the nematode gut. 72 hours post-infection (Figure 10C), the constipation
worsened and the pod-like clusters came together. It is clear from these images that
the nematode was unable to excrete the C. diphtheriae and the bacteria were
building up in the C. elegans intestine. 96 hours post-infection, C. elegans were
almost completely full of C. diphtheriae. The intestine was distended to the full width
of the nematode, filled with C. diphtheriae (Figure 10D). Whether or not
corynebacterial pili are involved in the Dar and constipation phenotypes is being
investigated. When studying these C. diphtheriae mutants the Dar phenotype can
be used as a visual marker to examine strains unable to elicit this immune response

in the C. elegans model host.
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Chapter 4: Discussion
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Infection from C. diphtheriae can cause airway obstruction and eventually
lead to death. Prior to widespread vaccination, diphtheria epidemics were known to
kill up to 40% of infected patients. Today, however, diphtheria has largely been
controlled due to vaccination (19). Nevertheless, outbreaks of diphtheria still occur
worldwide. Furthermore, incidents of infections caused by non-toxigenic strains of
C. diphtheriae have been increasingly reported (15, 26). Thus it is prudent that the
mechanisms of C. diphtheriae infection be investigated thoroughly and that has

been the focus of this study.

This work has focused on pili as a potential virulence factor of C. diphtheriae.
Bacterial pili are proteinaceous fibers attached to the cell surface which may aide in
host colonization. In this study, | have characterized a large collection of C.
diphtheriae clinical isolates obtained from the CDC to analyze them for the
distribution of pilus gene clusters. Based on the presence or absence of toxin and
pilus genes, | placed 46 clinical isolates into 7 sub-groups. Groups 2 and 3 which
have been characterized as non-toxigenic, as has group 1 (Table 1), contain no
toxin but at least one major pilin subunit gene. Additionally, most isolates
expressed at least one of the major pilin subunits (61%), with SpaA being
expressed in all of these isolates. This suggests that Spa proteins play a role during
adherence and infection. It is interesting to note that there is a wide range of clinical
isolates containing different pilin subunits in the presence or absence of toxin. This

suggests that there is great genetic diversity within C. diphtheriae clinical isolates.

Future work with these clinical isolates will be to characterize them further for

the presence and expression of minor pilin subunits, as well as, for their ability to
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bind to human pharyngeal cells. Previous work has shown that minor pilin subunits
are the major adherence factors required for C. diphtheriae to adhere to host
pharyngeal cells (12). It would be interesting to see if the corynebacterial clinical
isolates lacking major pilin subunits still expressed minor pilin subunits that might
bind host cells. It is possible that possessing minor pilin subunits on the surface of

C. diphtheriae is enough to moderate binding to host cells.

The C. elegans killing assay was used to determine if a correlation between
pilus expression in C. diphtheriae clinical isolates and increased C. elegans lethality
exists. | have shown that isolates lacking toxin and major pilin subunits are
attenuated in nematode killing, compared to isolates that have toxin and all three
major pilin subunits or the type strain. Because the genetic background of these
isolates varies, it is not possible to determine whether the presence of one pilus

type would enhance the rate of killing by these isolates.

Considering unknown genetic differences between the clinical isolates, | next
examined isogenic strains in the C. elegans model. | tested two groups of isogenic
C. diphtheriae mutants, one lacking various sortase enzymes and the other lacking
various pilus types. Both groups of C. diphtheriae mutants were significantly
attenuated in nematode killing compared to that of the parental strain. However, the
differences are not so drastic that the role of individual pili is clear using the C.
elegans killing assay. There are a number of possible explanations for this. It is
possible that pili are not expressed in the worm, or that the nematodes may not
have receptors for corynebacterial pili. The human receptor for corynebacterial pili is

unknown. Further experiments are needed to determine if toxin and pili are
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produced in the worm during infection. It may be possible to homogenize
nematodes exposed to C. diphtheriae and precipitate proteins in that homogenized
solution in order to perform western blot analysis looking for pilus protein
expression. The same type of experiment can also be performed looking for
diphtheria toxin expression. These types of experiments would solidify that toxin
and pili are being produced during C. elegans infection with C. diphtheriae.
Although toxin has been shown to be the causative agent of diphtheria and pili are
the major adhesions for host pharyngeal cells, neither factor was shown to be
critical for lethality in the C. elegans model host. This may be a limitation of the C.
elegans model for corynebacterial infection. Therefore, it may also be necessary to
elucidate a vertebrate animal model, such as the guinea pig, that has a DT receptor,

to fully study corynebacterial pathogenesis.

Nevertheless, the C. elegans system allows us to visualize bacterial
colonization inside a host in order to elucidate the host-pathogen relationship. |
have shown C. diphtheriae colonizes at the nematode pharynx region and the
hindgut. In addition to this localization, the bacteria accumulate over time in the

hindgut of the worm when the nematodes are fed on C. diphtheriae.

Furthermore, worms exposed to C. diphtheriae show significant tail swelling,
a phenotype known as deformed anal region (Dar). The tail swelling occurs as a
result of the nematode immune response to bacterial infection. The immune
response, and subsequent Dar formation, is combating constipation caused by the
pathogen. Nematode constipation and Dar phenotypes are accompanied by a

distended gut (7). A time-course of infection from 24 to 96 hours post-infection
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demonstrates that the nematode is literally filling up with corynebacteria. C.
elegans exposed to C. diphtheriae for 48 hours appear to contain pod-like clusters
of bacteria forming in the nematode gut. The pods consist of a large cluster of
bacteria, followed by a thin segment of the worm intestine, followed by a large
cluster of bacteria. At 72 hours post-infection, these pods have grown so large that
the thin segments are no longer visible betlen clusters of C. diphtheriae. It is
possible that these pods are similar to a series of biofilms being formed within the
C. elegans intestine. Biofilms can be defined as communities of microorganisms
that are attached to a surface forming a microcolony (24). In biofilm formation,
bacteria genetically regulate transitioning from a planktonic cell to attachment to a
surface, colonization of that surface and formation of a microcolony (17). In order to
further investigate the pod phenotype | have observed in this study, it will be
necessary to screen C. diphtheriae mutants defective in pod formation to see if
there is in fact a biofilm being formed within the nematode intestine.

It is conceivable that when the nematode encounters C. diphtheriae infection,
the animal develops the Dar to prevent bacterial colonization. The pathogen
counters this strategy by generating blockage of the nematode intestinal tract to
prevent excretion. As this occurs, corynebacteria are able to grow and expand their
colonies throughout the animal intestine. Whether pili are required for these
processes remains to be investigated. Future experiments are needed to test the
isogenic C. diphtheriae pili mutants for nematode blockage and the Dar phenotype.
An advantage of using C. elegans as a model host is that large numbers of mutants

can be screened relatively easily, thus allowing for the study of not only isogenic
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mutants but also a C. diphtheriae transposon library. This will elucidate other

virulence factors C. diphtheriae may possess.

In conclusion, | demonstrate for the first time that C. elegans can be used as
an animal model for the study of C. diphtheriae pathogenesis. C. diphtheriae clinical
isolates were tested for the presence and expression of diphtheria toxin as well as
all three C. diphtheriae major pilin subunits. | found that in these clinical isolates all
three maijor pilin subunits as well as toxin are required for rapid nematode killing. |
observed C. elegans fed on C. diphtheriae show significant tail swelling (Dar). This
immune response to infection by C. elegans can be used in the future to study other

aspects of C. diphtheriae pathogenesis and identify additional virulence factors.
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