Area: Microbial Structure 
Microorganism: Campylobacter fetus
Reference: Graham, L. L., and Feero, S. E. 2019. The Campylobacter fetus S layer provides resistance to photoactivated zinc oxide nanoparticles.  Canadian Journal of Microbiology 65: 450-460.

	The genus Campylobacter includes more than 26 species of Gram-negative spiral shaped bacteria that are often pathogenic to humans or other animals.  C. fetus includes several subspecies that can cause venereal disease in cattle, sheep, or goats, leading to premature labor and spontaneous abortion.  While antibiotics can be used to treat these infections, an alternative approach involves the use of zinc oxide (ZnO) nanoparticles which can penetrate the cell envelope and lead to the formation of reactive oxygen species that are highly toxic.  Graham and Feero (Can. J. Microbiol. 65: 450-460, 2019) investigated the role of the S layer of the cell envelope C. fetus in protecting the bacteria from ZnO nanoparticles.  The following picture from their paper shown an electron micrograph of some of these particles.
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	The following figure is a diagram of the envelope of a Gram-negative bacterium.

	[image: Graphical user interface

Description automatically generated]

1.	What is the best definition of a bacterial S layer?

a. It is an organized bilayer of phospholipids and proteins that surrounds the 
cytoplasm.
b. It is a multilayered network of peptidoglycan molecules that lies outside of the plasma membrane.
c. It is a second layer of phospholipids and proteins and surrounds the cell wall.
d. It is an ordered array of identcal protein molecules that lies outside of the outer membrane.


	To study the effects of ZnO nanoparticles on C. fetus, Graham and Feero used several strains of that different in their expression of the S layer proteins.  Cff 13783 and Cff 11686 had high levels of expression and Cff 13783K and Cff 11686K had low levels of expression due to insertion of transposable element carrying a gene for kanamycin resistance.  The bacteria were routinely cultured on Columbia agar supplemented with 5% sheep blood without or with 50 µg/ml kanamycin.  The next figure shows the number of viable bacteria present in each culture  expressed as colony forming units/ml (CFU/ml) following exposure to different concentrations of ZnO nanoparticles for up to 6 hours.
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2.	What is the best conclusion to be drawn from these data?

a. There was no decrease in viability in the untreated samples or in any of the treated samples.
b. [bookmark: _Hlk126665968]There was no decrease in viability in the untreated samples but viability was reduced in a concentration dependent-fashion in all of the treated samples.
c. [bookmark: _Hlk126666057]There was no decrease in viability in the untreated samples but viability was reduced in a concentration-dependent fashion more in the strains with an S layer than in the ones without an S layer.
d. There was no decrease in viability in the untreated samples but viability was reduced in a concentration-dependent fashion more in the strains without an S layer than in the ones with an S layer.

	To determine if the ZnO nanoparticles might affect the cell envelope of the bacteria, the authors examined thin sections of the bacteria by electron microscopy.  The results are shown in the following figure.  Panel A shows an image of freeze substituted C. fetus, Panelt B shows an image of C. fetus not treated with ZnO nanoparticles but processed by conventional EM techniques; and Panel C shows an image of C. fetus treated with 500 µg/ml ZnO nanoparticles for four houws and processed by conventional EM techniques.

	[image: ]


3.	What can you see in these images?

a. The ZnO treated cells have the same general appearance as the untreated cells.
b. [bookmark: _Hlk126667002]The bacteria treated with ZnO nanoparticles have extensive gaps in the cell envelope between the cell membrane and the outer membrane.
c. The bacteria treated with ZnO nanoparticles have no S layer.
d. The bacteria treated with ZnO nanoparticles have no cell envelope and have undergone extensive lysis.

	In previous studies, it was found that bacteria treated with ZnO nanoparticles and then exposed to visible light died at a greater rate than those kept in the dark.  To determine if this were true for C. fetus, they inoculated medium containing different concentrations of ZnO nanoparticles in the wells of microtiter plates with the same strains used before.  One plate was incubated in the dark and the other exposed to light for 30 min.  They then determined the number of viable cells after 24 hours and expressed the results again as CFU/ml.  In some cases, the enzyme catalase was added at a concentration of 4 µg/ml to remove reactive oxygen species like hydrogen peroxide.  The results are shown in the next figure.
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4.	Look first at the solid line for the cultures that did not contain catalase but that were treated in the dark or the light.  What can you conclude from these data?

a. All of the strains showed the same sensitivities to different concentrations of ZnO nanoparticles.
b. The strains that have more S layer proteins (Cff 13783 and Cff 11686) are more senstive to the ZnO nanoparticles than the strains that have less S layer proteins (Cff 13783K and Cff 11686K).
c. The strains that have more S layer proteins (Cff 13783 and Cff 11686) are less senstive to the ZnO nanoparticles than the strains that have less S layer proteins (Cff 13783K and Cff 11686K).
	d.   	For any particular strain like 11783, the expression of the S layer proteins has no effect.




5.	Now look at the dashed lines for the cultures that contaned catalase.  What can you learn from these data?

a.	Catalase has no effect on the senstivity of the bacteria ZnO nanoparticles and light.
	b.	Catalase makes the bacteria more sensitive to ZnO nanoparticles and light.
	c.	Catalase makes the bacteria less sensitive to ZnO nanoparticles and light.
	d.	Catalase only affects the bacteria that are kanamycin resistant.

To determine if these results were specific to C. fetus, the authors did similar experiments with another species of Campylobacter called C. jejuni.  The results are shown in the next figure.
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6.	What can you conclude from this experiment?

	a.	C. jejuni shows the same sensitivities to ZnO nanoparticles and light as C. fetus.
	b.	C. jejuni is sensitive to ZnO nanoparticles but only in the light.
	c.	C. jejuni has the same sensitivities to ZnO nanoparticles in both the dark and the 
light.
[bookmark: _Hlk126669653]	d.	C. jejuni is not sensitive to ZnO nanoparticles.

7.	Based on these experiments, what would be the most interesting experiment to do next?

	a.	Repeat these experiments with the same concentratrations of ZnO nanoparticles.
	b.	Repeat these experiments with higher concentration of ZnO nanoparticles.
	c.	Compare the S layer of C. jejuni to that of C. fetus.
	d.	Compare the S layer of C. fetus to that of E. coli.


Written by:
Charles E. Deutch, Microbion Research
February 7, 2023 
Charles.Deutch@asu.edu
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Graham and Feero

Fig. 3. Thin-section transmission electron micrographs of
Campylobacter fetus. (A) Freeze-substituted C. fetus 809.
Arrow indicates the $ layer. Bar represents 100 nm.

(B) C. fetus 13783 incubated in the absence of zinc oxide
(ZnO) nanoparticles and processed by conventional
fixation. Bar represents 500 nm. {C) C. fetus 13783 exposed
to 500 pg/mL ZnO nanoparticles for 4 h in the dark and
processed by conventional fixation. Bar represents

500 nm.

A

(Portner et al. 2007; Li et al. 2014; Zhao et al. 2017). To
exclude the possibility that C. fetus remained viable de-
spite the absence of colony growth on agar, C. fetus cells
exposed to ZnO nanoparticles for 24 h were also assessed
for their ability to reduce resazurin as an indicator of cell
metabolism (Fig. 5). Resazurin reduction results mir-
rored MBC assays — when no viable bacteria were recov-
ered in plating assays, resazurin reduction was <50%
(metabolic activity was defined as resazurin reduction
levels of 250%; Pettit et al. 2005). Campylobacter fetus re-
tained the ability to reduce resazurin in the presence of
greater ZnO nanoparticle concentrations when bacteria
were incubated in the dark compared with cells receiv-
ing 30 min of light exposure. As observed in MBC assays,
the presence of catalase did not impact resazurin reduc-
tion for dark-incubated cells but did ameliorate the inhi-
bition observed in light-exposed cells (Fig. 5, compare
Light versus Light + cat). For C. jejuni, percent resazurin
reduction was only impacted by ZnO nanoparticle con-
centration, neither light exposure nor catalase altered
the levels of resazurin reduction.

Discussion
As the outermost component of the prokaryotic cell
envelope, S layers are uniquely positioned to interface
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between the cell and its immediate environment. S lay-
ers have been shown to protect against a number of en-
vironmental threats, including Bdellovibrio bacteriovorus
predation (Koval and Hynes 1991; Koval 1993), bacterio-
phage (Ishiguro et al. 1981), the bacteriocidal action of
complement proteins (Munn et al. 1982; Blaser et al.
1988), and recently cationic antimicrobial peptides
{de la Fuente-Nufiez et al. 2012). Here, we compared the
impact of ZnO nanoparticles on wildtype Slayer-expressing
and isogenic S-layer-deficient mutants and showed that
not only is C. fetus sensitive to these nanoparticles but
also that the C. fetus S layer provides protection from
H,0, generated during photoactivation of ZnO nanopar-
ticles.

ZnO nanoparticles of various shape and size exhibit
antimicrobial activity against a broad range of Gram-
positive and Gram-negative bacteria (reviewed in Kumar
et al. 2017). Kill curves and agar dilution assays reveal
that ZnO nanoparticles at 100 pg/mL are bacteriocidal for
C. fetus, as control bacteria cultured in the absence of
nanoparticles remained viable. The dose-dependent re-
duction in cell viability observed here for C. fetus exposed
to ZnO nanoparticles has been reported for other
Campylobacter species, including C. jejuni (Xie et al. 2011)
and C. coli (Bratz et al. 2013). For C. jejuni, MIC values range
from 25 to 290 pg/mL ZnO nanoparticles as a function of
strain (Xie et al. 2011; Liedtke and Vahjen 2012). And al-
though C. jejuni cultured as a biofilm was more resistant
to ZnO nanoparticles than were planktonic cells, ZnO
nanoparticles were bacteriocidal following a 10 h exposure at
1.2 mmol (100 pg/mL), regardless of growth format (Lu
et al. 2012). Growth of C. coli 5981 was significantly re-
duced after 24 h of exposure to 200 pg/mL ZnO powder,
though some cells remained viable at 24 h in the pres-
ence of 500 pg/mL ZnO (Bratz et al. 2013). Other enteric
Gram-negative bacteria, including E. coli O157:H7, have
MIC values of at least 400 pg/mL ZnO nanoparticles (Xie
et al. 2011), and like C. coli, some cells may even remain
viable at these concentrations (Liu et al. 2009).

Campylobacter fetus sensitivity to ZnO nanoparticles
was reflected in changes in cell morphology. TEM of ZnO-
exposed C. fetus revealed spiral-shaped cells with en-
larged periplasm and wavy membranes. Exposure of
C. jejuni to 500 pgfmL ZnO nanoparticles for 12 h resulted
in a change from spiral to coccal morphology, a form
associated with a VBNC state (Xie et al. 2011). No switch to
the coccal form was observed for C. fetus. Levels of resa-
zurin reduction were correlated with the killing ob-
served in MBC assays. Thus, we found no evidence to
suggest that ZnO nanoparticles induce a VBNC state in
C. fetus, rather ZnO nanoparticles are bacteriocidal for
C. fetus.

The antibacterial activity of ZnO nanoparticles has
been linked to disruption of cell membranes (Xie et al.
2011), toxicity due to the release of Zn?* ions (Pasquet
et al. 2014}, and the production of ROS. Any of these
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Fig. 4. Photoactivation enhances zinc oxide (ZnO) nanoparticle activity towards Campylobacter fetus. Minimum bacteriocidal
concentration assays were conducted in duplicate 96-well plates incubated at 37 °C under microaerobic conditions. Following
bacterial inoculation, 1 plate was incubated in the dark (Dark) and the duplicate plate was exposed to visible light for 30 min
(Light) prior to incubation in the dark. Catalase (4 1.g/mL) was included in replicate wells (Dark + catalase; Light + catalase).
After 24 h of exposure to ZnO nanoparticles, surviving bacteria were enumerated using viable plate counts. Data are
presented as the mean + SD of at least 2 independent assays conducted on different days. Cff, C. fetus subsp. fetus; Cfv, C. fetus
subsp. venerealis; Cj, C. jejuni. S-layer-deficient strains are indicated by the letter “K” following the strain number.
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bacterial inoculation, 1 plate was incubated in the dark (Dark) and the duplicate plate was exposed to visible light for 30 min
(Light) prior to incubation in the dark. Catalase (4 pg/mL) was included in replicate wells (Dark + catalase; Light + catalase).
After 24 h of exposure to ZnO nanoparticles, surviving bacteria were enumerated using viable plate counts. Data are
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Fig. 4. Photoactivation enhances zinc oxide (Zn0) nanoparticle activity towards Campylobacter fetus. Minimum bacteriocidal
concentration assays were conducted in duplicate 96-well plates incubated at 37 °C under microaerobic conditions. Following
bacterial inoculation, 1 plate was incubated in the dark (Dark) and the duplicate plate was exposed to visible light for 30 min
(Light) prior to incubation in the dark. Catalase (4 pg/mL) was included in replicate wells (Dark + catalase; Light + catalase).
After 24 h of exposure to ZnO nanoparticles, surviving bacteria were enumerated using viable plate counts. Data are
presented as the mean + SD of at least 2 independent assays conducted on different days. Cff, C. fetus subsp. fetus; Cfv, C. fetus
subsp. venerealis; Cj, C. jejuni. S-layer-deficient strains are indicated by the letter “K” following the strain number.
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Graham and Feero

Fig. 1. Unstained, whole mount of zinc oxide nanopartic|
observed using transmission electron microscopy. Bar
represents 500 nm.

2005). Microdilution assays for MBC and resazurin reduc-
tion were repeated at least twice on separate days.

Transmission electron microscopy (TEM)

Samples of ZnO nanoparticles were diluted in distilled
H,0 to 100 pg/mL, deposited onto formvar-coated, carbon-
backed 200-mesh copper grids, and observed unstained in a
Phillips EM410 TEM at an operating voltage of 80 KeV.

To visualize the impact of ZnO nanoparticles on
C. fetus cell morphology, 10° CFU/mL bacteria were
exposed to 500 pg/mL ZnO for 4 h at 37 °C. Nanopar-
ticles were removed by washing in 0.05 mol/L HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; Re-
search Organics) buffer, pH 6.8, and pelleted cells were
enrobed in 2% Noble agar. Bacteria were fixed in HEPES buffer
containing 2% glutaraldehyde and 2.5% p-formaldehyde and
processed for thin-section TEM as described (Graham
and Beveridge 1990). Campylobacter fetus was also pro-
cessed using freeze-substitution in 2% osmium tetroxide
and 2% uranyl acetate in anhydrous acetone as described
(Graham and Beveridge 1990). Thin sections were stained
with 2% uranyl acetate and Reynolds lead citrate prior to
viewing,

Statistical analysis

Differences in bacterial cell survival between S-layer-
expressing and S-layer-deficient C. fetus strains were a
sessed using a multi-way analysis of variance (ANOVA)
with a post-hoc Bonferoni test followed by a pair-wise
comparison of sample means. Pooled bacterial count
data were not normally distributed as determined using
a tsample Kolmogorov-Smirnov test. As such, data were
log transformed prior to ANOVA analysis. Statistical sig-
nificance was assessed at a p < 0.05. Statistical anal
was performed using Systat 7.1.0 (SPSS Inc., Chicago, Ili-
nois).

Results
ZnO nanoparticles are bacteriocidal for C. fetus

TEM of commercially acquired ZnO nanoparticles re-
vealed a range of particle size and morphology (Fig. 1).
Despite this variation, kill curves indicated a concentration-
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dependent decrease in cell viability for all bacterial
strains assessed during a 6 h exposure to ZnO nanopar-
ticles (Fig. 2). After 24 h exposure, no viable bacteria were
recovered, indicating that ZnO nanoparticles are bacte-
riocidal for C. fetus and C. jejuni. In contrast, control bac-
teria incubated in the absence of ZnO nanoparticles
remained viable throughout the assay and were recov-
ered at 24 h. No difference (p = 0.05) in bacterial cell

ability was noted between the wild-type strain and the
corresponding isogenic S-layer-deficient C. fetus strain at
any nanoparticle concentration. In agar dilution assays,
C. fetus growth was observed at ZnO nanoparticle concen-
trations of 0-50 g/mL: no growth was observed for any
C. fetus strain inoculated onto CA-MH agar containing
100 pg/ml. ZnO (data not shown). Campylobacter jefuni
growth was inhibited at 50 and 100 pg/mL ZnO. Together,
these results indicate that ZnO nanoparticles are bacte-
riocidal for C. fetus.

The antibacterial activity observed in both broth and
agar dilution assays was reflected in the morphology of
C. fetus cells exposed to nanoparticles. TEM showed ZnO-
exposed cells displayed altered envelope morphology in-
cluding variable distance between plasma and outer
‘membranes, increased membrane waviness, and gaps in
cytoplasmic contents (Fig. 3). In contrast, unexposed con-
trol cells displayed smooth envelope profiles and evenly
distributed cytoplasmic contents.

Photoactivation enhances ZnO nanoparticle activity
towards C. fetus

To determine whether photoactivation would increase
the bacteriocidal activity of ZnO nanoparticles towards
. MBC assays were performed in duplicate 96-well
's in which 1 plate received 30 min of light exposure
while the replicate plate was incubated continuously in
the dark (Fig. 4). MBC values of >125 pg/ml were ob-
served for all C. fetus strains incubated with ZnO nano-
particles in the dark. When cells received 30 min of light
exposure, MBC values decreased 10 16-62.5 pg/mL. Cata-
lase enhanced bacterial resistance to photoactivated ZnO
nanoparticles, in some cases restoring MBC levels to
those observed in dark-incubated cells, indicating that
H,0, generation contributes to C. fetus cell death. For
bacteria incubated with ZnO nanoparticles in the dark,
the presence or absence of catalase had no impact on
MBC values. Interestingly, MBC values were lower for
S-layer-deficient C. fetus strains than for wild-type S-layer-
expressing strains when cells were incubated with
photoactivated ZnO nanoparticles. In contrast, neither
photoactivation nor the presence of catalase impacted
the recovery of C. jejuni exposed to ZnO nanoparticles.
These data indicate that light enhances the antibacterial
activity of ZnO nanoparticles towards C. fetus and that the
$ layer imparts resistance to this antibacterial activity.

Some bacteria, including C. jejuni, may exist in a viable
but nonculturable (VBNC) state in which metabolic
activity is detectable despite an absence of cell growth
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Fig. 2. Impact of zinc oxide (ZnO) nanoparticles on Campylobacter fetus. Bacteria were incubated with ZnO nanoparticles and
bacterial survival determined hourly using viable plate counts. Data are shown as the mean + SD of 3 separate experiments
performed on different days. No difference {p 2 0.05) in bacterial survival was noted between the wild-type strain and the
corresponding S-layer-deficient C. fetus strain at any nanoparticle concentration. Cff, Campylobacter fetus subsp. fetus; Cfv,
Campylobacter fetus subsp. venerealis; Cj, Campylobacter jejuni. S-layer-deficient strains are indicated by the letter “K” following
the strain number.
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Fig. 2. Impact of zinc oxide (ZnO) nanoparticles on Campylobacter fetus. Bacteria were incubated with ZnO nanoparticles and
bacterial survival determined hourly using viable plate counts. Data are shown as the mean + SD of 3 separate experiments
performed on different days. No difference (p2 0.05) in bacterial survival was noted between the wild-type strain and the
corresponding S-layer-deficient C. fetus strain at any nanoparticle concentration. Cff, Campylobacter fetus subsp. fetus; Cfv,
Campylobacter fetus subsp. venereatis; Cj, Campylobacter jejuni. S-layer-deficient strains are indicated by the letter “K” following
the strain number.
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Area: Microbial Structure    Microorganism:  Campylobacter fetus   Reference:  Graham, L. L., and Feero, S. E. 2019. The  Campylobacter fetus   S layer provides  resistance to photoactivated zinc oxide nanoparticles.  Canadian Journal of Microbiology  65: 450 - 460.       The  genus  Campylobacter   includes more th a n 26 species of Gram - negative spiral shaped  bacteria that are often pathogenic to humans or o ther animals.   C. fetus   includes several  subspecies that can cause venereal disease in cattle, sheep, or goats, leading to premature labor  and spontaneous abortion.   While antibiotics can be used to treat these infections, an alternative  approach involves  the use of zinc oxide (ZnO) nanoparticles which can penetrate the cell  envelope and lead to the formation of reactive oxygen species that are highly toxic.  Graham and  Feero (Can. J. Microbiol. 65: 450 - 460, 2019) investigated the role of the S layer of the   cell  envelope  C. fetus   in protecting the bacteria from ZnO nanoparticles.  The following picture from  their paper shown an electron micrograph of some of these particles.             The following figure is a diagram of the envelope of a Gram - negative bacterium .           1.   What is the best definition of a bacterial S layer ?     a.   It is an organized bilayer of phospholipids and proteins that surrounds the    c ytoplasm .   b.   It is a multilayered network of peptidoglycan molecules that lies outside of the  plasma  membrane.   c.   It is a second layer of phospholipids and proteins and surrounds the cell wall.   d.   It is an ordered array of identcal protein molecules that lies outside of the outer  membrane.      

