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Twenty-eight-day-old weaned pigs were fed diets with a low (LZn), medium (MZn), or high (MZn) Zn concentration (50 to 80,
150, or 2,500 mg Zn/kg of diet, respectively) provided as zinc oxide (ZnO)(24 pigs per group). They were infected orally with Sal-
monella enterica serovar Typhimurium DT104 on day 32. Salmonellae were cultivated from feces (up to 42 days postinfection
[dpi]) and organs (2 and 42 dpi). Activation of the adaptive systemic and mucosal immune systems was investigated by recording
anti-Salmonella IgG levels and levels of B and T lymphocyte subpopulations in blood and gut-associated lymphatic tissue.
Growth performance was recorded as well. Salmonellae were shed at higher levels and for longer periods in the HZn group (P <
0.05), with no differences in the tissues. At 2 dpi, the relative percentages of CD4� T helper cells (P < 0.01) and of CD2� T and
NK cells (P < 0.01) in blood were reduced from the relative cell counts obtained at 0 dpi, irrespective of the Zn group. The lowest
percentage of cytotoxic T cells was found 14 dpi in the HZn group relative to the MZn (P < 0.05) and LZn (P < 0.01) groups.
Supplementation of the feed with 2,500 mg Zn/kg of diet immediately after weaning could positively affect the immune re-
sponses of piglets infected with Salmonella Typhimurium, but for a short period only. After 2 weeks, all positive effects disap-
peared, and rather negative effects, such as higher shedding of salmonellae, lower T cell frequencies, and worse performance,
occurred. Thus, supplementation with ZnO at high levels in the pig industry should be limited to 2 to 3 weeks.

Zinc (Zn) is a ubiquitous trace mineral of proven importance
for the function of �300 enzymes (1), including those active

in immune cells. Therefore, zinc is active in a variety of cellular
functions and has a strong ability to influence the immune system
(2). Zn deficiency in humans has been shown to result in immu-
nodeficiency and increased morbidity caused by infectious agents,
whereas supplementation of food with Zn in areas where Zn defi-
ciency is common can improve the health of the children by re-
ducing diarrhea (3, 4). Growing pigs require 50 mg Zn/kg of diet
according to National Research Council recommendations (5), or
80 to 100 mg Zn/kg dry matter (DM) of feed according to the
German Association for Nutrition Physiology (6). Zn occurs nat-
urally in many feed components, but calcium, copper, protein,
and phytic acid all reduce its bioavailability (7). Among different
techniques, supplementation of the diet with organic and inor-
ganic Zn has become standard (8). Because of environmental con-
cerns, the maximal level of Zn allowed in the diets of pigs was set to
150 mg/kg of diet in the European Union irrespective of the origin
of the Zn (9). Dietary zinc oxide (ZnO) added at high levels (i.e.,
2,000 to 3,000 mg Zn/kg of diet) to the diets of weaned pigs has
been shown to reduce the incidence of diarrhea and to improve
growth performance (7, 10, 11). One of the proposed modes of
action leading to the improved performance of weaned piglets and
the reduced incidence of diarrhea is the effect of ZnO on the gas-
trointestinal microbiome (12, 13, 14). Salmonellae are among the
intestinal pathogens that can cause disease in growing pigs, and
many pigs are natural carriers of Salmonella spp. Salmonellae en-
ter the body by infection and transit the enterocytes (15, 16). After
they leave the enterocytes, salmonellae are caught by macrophages
and other cells of the gut-associated lymphatic tissue (GALT) and
are transferred first to regional mesenteric lymph nodes and later
to other lymphatic organs (16). They can survive there, resulting
in a carrier state and providing a possible source of reinfection for
pigs and for humans (17, 18). Salmonella enterica serovar Typhi-

murium is the predominant causative agent responsible for ap-
proximately 12% of salmonellosis outbreaks in the European
Union (19).

In the present study, the influence of different dietary ZnO
concentrations on the immune responses of pigs after infection
with Salmonella enterica serovar Typhimurium DT104 was inves-
tigated. In order to assess the activation of the adaptive systemic
and mucosal immune systems, we determined the anti-S. Typhi-
murium immunoglobulin G (IgG) levels, as well as the levels of B
and T lymphocyte subpopulations in samples of circulating blood
and different tissues of the GALT. Additionally, the effect of ZnO
on the performance of weaned pigs was studied.

MATERIALS AND METHODS
Animals. German Landrace piglets (n � 72) of both sexes were weaned at
the age of 28 days and were allocated to pens in a biosecure, environmen-
tally controlled experimental facility. The piglets were randomly assigned
to one of three groups and were allocated to 6 pens per group (4 pigs in
each pen). Each dietary group was fed a common basal maize-wheat-
barley-soybean diet with different zinc levels, calculated to be 50 to 80
(low zinc concentration [LZn]), 150 (medium zinc concentration
[MZn]), or 2,500 (high zinc concentration [HZn]) mg Zn/kg of feed. The
Zn supplementation source was analytical-grade ZnO (Sigma-Aldrich,
Taufkirchen, Germany). Beginning at weaning (at the age of 28 days), the
respective feed was fed semi ad libitum twice a day for 1 h in the form of a
mixture with water, in order to avoid refusals. Water was provided ad
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libitum via drinking nipples. Four days after weaning (i.e., day 32 of age),
all piglets were infected with S. Typhimurium DT104 via an oral tube
leading into the throat. The feeding troughs and the pens’ floors and walls
were cleaned twice daily by brushing and flushing with lukewarm water.
Two days postinfection (2 dpi), two animals from each pen were eutha-
nized by an overdose of pentobarbiturates (Narcoren; Merial GmbH,
Germany) under general azaperone (Stresnil; Janssen Animal Health,
Germany)-ketamine (10% ketamine; Bremer Pharma GmbH, Germany)
anesthesia. The remaining piglets were euthanized 6 weeks after infection,
i.e., 42 dpi. The experiment was approved by the local animal welfare
authority (Landesamt für Gesundheit und Soziales, Berlin, Germany) un-
der identification (ID) number G0348/09.

Sampling. After infection with S. Typhimurium, the following clinical
and zootechnical parameters were recorded for all pigs: (i) general condi-
tion and fecal score (from 1 to 5, where 1 stands for liquid and 5 stands for
firm feces), (ii) rectal temperature, (iii) shedding of salmonellae in feces,
which was determined daily for 5 days postinfection and then twice a
week, (iv) prevalence of anti-Salmonella IgG in blood samples, which were
obtained before infection and then 2, 7, 10, 14, 17, 21, 24, 28, 35, and 42
dpi, (v) weekly body weight. During necropsy, palatine tonsils and jejunal
and colonic mesenteric lymph nodes were collected for the cultivation of
S. Typhimurium. For the characterization of immune cells, mesenteric
ileocecal lymph nodes, as well as ileal Peyer’s patches, were collected from
8 piglets per group at 2 dpi and from 12 piglets per group at 42 dpi. In
addition, blood samples collected before infection and 2, 7, 10, 14, and 42
dpi were analyzed for their relative percentages of immune cell popula-
tions.

Bacterial strains. S. Typhimurium DT104 was chosen for the infec-
tion because it was obtained from a swine with sepsis (17). The strain was
characterized by multiple resistances against antibiotics, including resis-
tance to nalidixic acid (NAL). The resistance to NAL was used later for
selective cultivation of the strain from the samples. The S. Typhimurium
was cultured in buffered peptone water (BPW) containing 50 �l NAL/ml
(BPW-NAL) at 37°C for 20 to 22 h with shaking, to reach an optical
density (OD) of 0.69 to 0.72, corresponding to 2 � 109 to 3 � 109 CFU/ml,
which was subsequently confirmed by plating. The culture was set up a
day before infection to enable collection of the broth immediately before
it was provided to the piglets. Each piglet was infected with 5 ml of such
culture broth (1.0 � 1010 to 1.5 � 1010 CFU in total).

Quantitation of Salmonella bacteria. The quantitative detection of S.
Typhimurium in feces was performed using a spiral plater (Whitley,
Meintrup DWS, Germany) with a detection limit of 2 � 102 CFU/g. For
each sample, 100-�l portions from five dilutions were streaked onto three
xylose-lysine-deoxycholate (XLD) agar plates supplemented with 50
�g/ml of NAL (XLD-NAL) and were incubated at 37°C for 20 to 24 h. For
the quantitation of S. Typhimurium in internal organs, tissue samples
were immersed in 95% ethanol, flamed, minced aseptically, and homog-
enized with BPW-NAL (1:10) in filter bags using a stomacher for 2 min at
high speed. S. Typhimurium was quantified in all samples by plating 400
�l of filtrates using a spiral plater. In addition, for all samples, a mini-most
probable number (mini-MPN) method was applied in triplicate to reduce
the detection limit of salmonellae and to obtain more accurate CFU num-
bers (20). Fivefold dilutions in BPW-NAL were performed in two 24-well
culture plates. After incubation at 37°C for 16 to 20 h, a droplet from each
dilution was also transferred to a modified semisolid Rappaport-Vassili-
adis (MSRV) medium (Becton Dickinson GmbH, Heidelberg, Germany)
in 24-well culture plates. The plates were checked after 24 h of incubation
at 41°C for the presence of swarming typical of salmonellae. Afterwards,
MPNs were calculated. All wells recorded as positive or equivocal were
further checked for the presence of salmonellae by picking the MSRV agar
with the swarm, transferring it to XLD-NAL agar plates, and incubating as
described above, with final confirmation by real-time PCR (21).

In order to investigate whether bacteremia occurred, 2 to 4 ml of
collected blood was poured into 9 ml of BPW-NAL and was incubated for
20 to 24 h at 37°C. Three drops of the cultures were then spotted onto

MSRV agar plates and were incubated for 24 to 48 h at 41°C. The CFU and
MPNs obtained were transformed into log/g to obtain nearly normal dis-
tribution of trait values. Mean values and standard deviations are given
below.

FCM. Cells were isolated and purified from tissue and blood as de-
scribed elsewhere (18). Triplet staining with either (i) CD4 directly con-
jugated to fluorescein isothiocyanate (FITC; SouthernBiotech), CD8 di-
rectly conjugated to phycoerythrin (PE; SouthernBiotech), and CD25
(Biozol) or (ii) TcR1-N4, CD2, and IgM (all from VMRD) was performed
using 1 � 106 cells for each reaction in a volume of 30 �l of phosphate-
buffered saline (PBS) for 30 min on ice in the dark. After a washing step,
the cell suspensions were exposed to fluorescence-labeled secondary an-
tibodies for 15 min. The detailed procedure is described elsewhere (22).
Flow cytometry (FCM) was performed for 50,000 lymphocytes per sample
using a BD FACSCalibur flow cytometer. The lymphocytes were obtained
within one specific lymphocyte gate corresponding to their forward and
side scatter signals. For immune cell characterization, only living lympho-
cytes, negative for propidium iodide (PI) staining (0.5 �g/ml), were taken.
T helper cells (CD4� CD25�/� CD8�/dim), cytotoxic T cells (CD8�/��

CD4�), and B cells (membrane IgM� CD2�/dim) were identified.
Serology. Blood samples of all animals were collected from the jugular

vein/cranial vena cava. Blood was incubated at 37°C for 2 h and was then
centrifuged at 1,400 � g for 15 min, and serum was collected and stored at
�20°C until analysis.

The presence of anti-Salmonella antibodies was tested for by use of the
Salmotype PigScreen enzyme-linked immunosorbent assay (ELISA) ac-
cording to the manufacturer’s instructions (Labor Diagnostik Leipzig,
Leipzig, Germany). This test recognizes anti-Salmonella immunoglobulin
G. The IgG levels were calculated using a reference standard method and
are presented as percentages of the optical density [OD%, calculated ac-
cording to the following formula: sample OD% value � 72.1 � (OD
sample�mean OD negative control)/(mean OD positive control�mean
OD negative control)].

Statistical analysis. Statistical analysis was performed using R, version
2.11.1, and SPSS, version 12.0.2 (SPSS, Inc., Chicago, IL). For the pheno-
types of immune cells, 12 samples per group (combined effects of time
[dpi] and zinc concentrations in the diet) were analyzed. All values higher
than twice the interquartile range (IQR), below the first quartile, and
above the third quartile were identified as outliers. Outliers had no signif-
icant effects on test statistics, since 	1% of the data were outliers. To test
the effects of supplementation with different concentrations of zinc on the
phenotypes, we applied analysis of variance (ANOVA), with zinc supple-
mentation in the diet and days postinfection as fixed effects. The following
linear model was used to assess the variation (V) in every trait for each
tissue: Vtrait � Vdiet group � Vdays postinfection � residual error. If ANOVA
revealed significance, Student’s t test was performed at each time point to
specify the results. To test the effects of the three levels of zinc in the diet on
the zootechnical parameters, multivariate analysis of variance
(MANOVA) was performed by applying SPSS, version 12.0.2 (SPSS, Inc.,
Chicago, IL), with a post hoc Tukey test. The CFU counts of salmonellae
were log transformed to obtain normal distribution of the data. The
amounts of S. Typhimurium in feces and organs were compared using the
nonparameteric Kruskal-Wallis test, because salmonellae were not con-
tinuously detected in all samples. The effect of treatment was considered
significant at a P value of 	0.05. The Mann-Whitney U test was further
performed to elucidate which values differed with a P value of 	0.01.
Pearson’s correlation coefficients were calculated for the correlation be-
tween IgG and log counts of S. Typhimurium in feces. Box-and-whisker
plots were chosen for graphical presentation of the results. The boxes
indicate the medians (horizontal lines) and the lower and upper quartiles
(bottoms and tops of the boxes). The vertical bars (“whiskers”) in the box
plots indicate the minimal and maximal values recorded. Outliers are
indicated by circles and asterisks in the plots.
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RESULTS

One animal intended for the MZn group died at weaning; thus,
only 23 animals were in this group, and 11 animals were eutha-
nized at 2 dpi. One animal from the HZn group died within the
4th week of the study due to reasons unrelated to the Salmonella
infection.

Clinical parameters. The infection with S. Typhimurium
caused no or very mild clinical signs. None of the animals devel-
oped diarrhea (scores 1 and 2). Increased rectal body tempera-
tures (�40°C) were measured in 7, 4, and 8 piglets in the LZn,
MZn, and HZn groups, respectively, at 1 dpi. The rectal temper-
atures were physiological for all animals at 2 dpi.

Zootechnical parameters. The mean body weight (BW) at
weaning was 7.0 
 1.58 kg in the LZn group, 7.4 
 1.35 kg in the
MZn group, and 7.4 
 1.36 kg in the HZn group (Table 1). A
significant effect of the feeding groups during the study was de-
tectable only at 14 dpi (the BW was 9.3 
 2.24 kg for the LZn
group, 11.3 
 1.57 kg for the MZn group, and 11.7 
 1.85 kg for
the HZn group [P 	 0.05]). Later, the LZn group caught up in
body weight: no difference in BW between the groups could be
observed for the rest of the experiment. Additionally, the average
gain (AG) was no longer significantly different from 21 dpi on.

Detection of Salmonella Typhimurium in feces and organs.
ZnO had an effect on the fecal salmonella counts measured on
XLD-NAL plates (P, 	0.05 by the Kruskal-Wallis test). All ani-
mals shed salmonellae during the first week postinfection, and
higher log CFU/g of feces was recorded for the HZn group on 1, 2,
3, and 7 dpi (Fig. 1a). From 10 dpi on, few or no animals in the LZn
and MZn groups shed salmonellae above the detection limit of 200

CFU/g, but all animals in the HZn group did. Therefore, no sta-
tistical calculation was possible.

More animals tested positive for salmonellae (	100 MPN/g)
from 10 dpi by use of the mini-MPN method than by use of XLD-
NAL plating. However, during the first week after infection, al-
most all animals were beyond the maximal level of the test
(Fig. 1b); thus, statistical calculations were performed starting
from 10 dpi. MPNs differed between groups (P, 	0.05 by the
Kruskal-Wallis test). The MPNs in the HZn group were higher
than those in both the other groups (P, 	0.01 by the Mann-Whit-
ney U test).

Differences in the numbers of salmonellae in organs were cal-
culated only for results obtained by XLD-NAL plating, because all
samples reached the upper limit if the mini-MPN method was
used. The numbers of salmonellae in the mesenteric lymph nodes
of the jejunum and colon 42 dpi reached more than 10,000 CFU/g
and could not be counted exactly. Thus, only tonsils were tested
further at 42 dpi. No differences in the salmonella counts were
observed between groups, either at 2 or at 42 dpi (Fig. 1c and d).

Humoral immunity—anti-Salmonella IgG. The piglets were
already positive for antibodies (Ab) against Salmonella antigens at
weaning. Hence, the mothers very likely had been infected with
Salmonella previously and therefore had passed some maternal
Salmonella-specific antibodies to their offspring, but since these
antibodies were not able to opsonize the strain of S. Typhimurium
used in a microagglutination test in vitro (data not shown), these
antibodies likely had no effect on the protective immunity of the
piglets. However, there was high individual variation. The levels of
the Ab (anti-Salmonella IgG) decreased within 10 days after infec-
tion (Fig. 2). Until 28 dpi, no anti-Salmonella IgG or only a low
level could be recorded, but at later time points, the level started to
increase. There was a tendency for the HZn group to have higher
levels of anti-Salmonella IgG than the other groups at 42 dpi (P �
0.098). No correlation was found between the levels of anti-Sal-
monella IgG and the counts of salmonellae shed in feces.

Phenotyping of immune cell populations. The relative per-
centages of CD4� T helper cells (P 	 0.01) and CD2� cells, which
represent T and NK cells (P 	 0.01), in blood were reduced at 2 dpi
from the relative cell counts obtained before infection, irrespec-
tive of the zinc feeding group (Fig. 3). ANOVA revealed significant
ZnO effects on the CD8� cytotoxic T cell population (P � 0.01) in
blood and also a tendency for an effect of the ZnO level in the feed
on the ileal lymph nodes (P � 0.06) over the whole experiment. In
contrast, no ZnO effect was detectable in the ileal Peyer’s patches.

Fourteen days postinfection, the HZn group had the lowest
percentage of cytotoxic T cells (P, 	0.05 for comparison to the
MZn group and 	0.01 for comparison to the LZn group) (Fig. 4).
Tendencies in the same direction were found at 7 and 10 dpi. At
the end of the study, 42 dpi, levels of all T cell populations exam-
ined in the ileal lymph nodes (i.e., CD2�, CD4�, and CD8high

cells) were either significantly lower or tended to be lower in the
LZn and HZn feeding groups than in the MZn group, but no
differences were observed within the B cell population examined
(IgM-positive cells) (Fig. 5).

DISCUSSION

In the present study, we examined the effect of zinc oxide supple-
mentation of the diet with respect to the immune responses of
weaned piglets after a challenge with S. Typhimurium. The zinc
dosages used were approximately the maximal level of Zn allowed

TABLE 1 Mean values for performance parameters of pigletsa

Parameterb

Valuec

Pooled
SEMd PeLZn MZn HZn

BW (kg)
�4 dpi 7.0 7.4 7.4 0.18 0.503
0 dpi 7.1 8.2 8.1 0.17 0.109
2 dpi 7.4 8.4 8.0 0.18 0.139
7 dpi 8.2 9.1 9.7 0.26 0.065
14 dpi 9.3a 11.3b 11.7b 0.35 0.010
21 dpi 12.1 13.6 13.3 0.36 0.237
28 dpi 15.3 16.2 15.9 0.47 0.748
35 dpi 19.6 20.3 20.5 0.59 0.808
42 dpi 24.0 25.2 25.7 0.74 0.649

AG (kg)
2–7 dpi 1.58a 1.27a 3.42b 0.255 0.000
7–14 dpi 2.23a 4.43b 3.92b 0.321 0.005
14–21 dpi 5.68a 4.55ab 3.32b 0.323 0.004
21–28 dpi 6.33 5.17 4.72 0.315 0.089
28–35 dpi 8.58 8.33 8.43 0.271 0.938
35–42 dpi 8.90 9.83 9.53 0.416 0.673

a Piglets were weaned at the age of 28 days, fed a diet low in Zn (LZn) or supplemented
with 150 mg Zn/kg (MZn) or 2,500 mg Zn/kg (HZn) as ZnO, and infected with
Salmonella Typhimurium on day 32.
b BW, body weight, based on individual data; AG, average gain within a pen (2 pigs/
pen) over the period given.
c Values followed by different superscript letters differ significantly (P 	 0.05) by the
Tukey test.
d The pooled SEM corresponds to the overall value for LZn, MZn, and HZn.
e P values of multivariate analysis of variance (MANOVA) performed to test the effects
of the three levels of zinc in the diet with significance level of P 	 0.05 (bold).
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FIG 1 Box plots of log-transformed CFU (a) and mini-MPNs (b) of Salmonella Typhimurium in fecal samples and in organs (d and e) after oral infection of pigs
fed a diet with 60 to 80 mg Zn/kg (LZn), 150 mg Zn/kg (MZn), or 2,500 mg Zn/kg (HZn) as ZnO. The upper limit of the mini-MPN method was 6 log. Boxes
indicate the medians (horizontal lines) and the lower and upper quartiles (bottoms and tops of boxes). The vertical bars in the box plots indicate the minimal and
maximal values recorded. Circles and asterisks indicate outliers. Dark gray boxes, LZn; white boxes, MZn; light gray boxes, HZn. jej, jejunum; col, colon. (c)
Numbers of fecal samples analyzed and numbers of samples positive by XLD-NAL plating and by the mini-MPN method. d, day postinfection. (d and e) The
number of organ samples analyzed for each group is given at the bottom left of each box plot. Salmonellae could not be reliably counted in the mesenteric lymph
nodes (mLN) at 42 dpi; thus, only values for tonsils are shown at this time point.
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in the diets of pigs in the European Union (9), a level below this,
and a very high concentration of 2,500 mg/kg of feed.

Unexpectedly, some piglets tested positive for salmonellae im-
mediately on the day of infection. Nalidixic acid-resistant salmo-
nellae are not common in pigs, but their numbers were low and
similar in all groups, which may indicate earlier infections in suck-
ling piglets. Serotyping of isolates also revealed S. Typhimurium
DT104, which was not surprising, because this serotype and phage
type dominate in pigs (19, 23). Statistical calculations revealed no
differences between groups in the numbers of salmonellae shed on
the day of infection. Later on, after infection, all animals shed high
numbers of salmonellae. Additionally, we found no differences in
the immune parameters measured at 2 dpi between piglets that

tested positive and negative for S. Typhimurium before the ad-
ministration of S. Typhimurium DT104. This was in line with our
expectations, because the memory function of the immune system
is not yet well developed at the age of 4 weeks (24). Therefore, we
consider that this primary infection had no influence on the out-
come of the study or on the effect of zinc oxide.

A high level of ZnO, 2,500 mg Zn/kg of diet, caused increased
body weight gain of pigs within the first week after infection. Sup-
plementation of the diet with ZnO to either 150 or 2,500 mg Zn/kg
of feed was also beneficial for weight gain during the 2nd and 3rd
weeks after infection, but no additional effect of 2,500 mg Zn/kg of
diet was recorded at this time. Later, the piglets compensated for
the growth differences, and beneficial effects of ZnO supplemen-
tation were no longer observed. The results obtained in this study
were in agreement with those of other studies showing improve-
ment in growth performance after weaned piglets were fed high
doses of ZnO (7, 25, 26, 27). In one of our previous studies with a
similar feeding regime, improvement of performance caused by
2,500 mg Zn/kg as ZnO could be observed only within the 3rd
week after weaning (unpublished data). Obviously, environmen-
tal and sanitary conditions, which differ between experiments,
affect the effects of dietary supplements (28), and this may also be
true for the effects of ZnO. Evidence for the antimicrobial activity
of zinc in vitro (29) and for modification of the intestinal micro-
biome by high levels of dietary ZnO (13, 14, 30) has been reported.
For example, a diet containing 2,500 mg Zn/kg caused a 0.5- to
2-log reduction in the number of intestinal Campylobacter species
in weaned piglets (31). In our study, in contrast, no reduction, but
an increase, in the shedding of Salmonella Typhimurium was ob-
served in the group fed 2,500 mg Zn/kg of diet. This observation is
in agreement with the 2011 report of Vahjen et al. (13), who ob-
served increased enterobacterial counts and diversity in the ilea of
pigs fed high levels of ZnO. Thus, the increased Zn concentration
in the gastrointestinal milieu could suppress a part of the micro-
bial population, allowing better growth or survival of the salmo-
nellae, and thus could lead to prolonged shedding.

Surprisingly, many of the piglets also shed high numbers of
other bacteria that grew on XLD-NAL plates, forming yellow col-

FIG 2 Anti-Salmonella IgG in the serum of pigs weaned at the age of 28 days
and fed a diet with 60 to 80 (LZn), 150 (MZn), or 2,500 (HZn) mg Zn/kg as
ZnO before and after oral infection with S. Typhimurium at the age of day 32.
Mean values plus standard deviations for the percentage of optical density
(OD%) are shown. The pound sign (#) indicates the tendency (P � 0.098) for
the HZn group to have higher levels of anti-Salmonella IgG than the MZn and
LZn groups at 42 dpi. The following numbers of samples were analyzed: for the
LZn group, 24 samples on days 0 and 2 and 12 samples between days 7 and 42;
for the MZn group, 23 samples on days 0 and 2 and 12 samples between days 7
and 42; for the HZn group, 24 samples on days 0 and 2, 12 samples between
days 7 and 21, and 11 samples on days 24 to 42.

FIG 3 CD4� T helper (left) and CD2� T and NK (right) cell counts, relative to those of the living lymphocyte population, in the blood of pigs receiving different
Zn concentrations in their diets before and after challenge with S. Typhimurium. Dark gray bars, low Zn concentrations (LZn) in the diet (about 50 to 80 mg/kg
of feed); white bars, medium Zn levels (MZn) in the diet (150 mg Zn/kg); light gray bars, high Zn levels (HZn) in the diet (2,500 mg Zn/kg). pos, positive. The
numbers of samples analyzed were as follows: before infection (0 dpi) and at 2 dpi, 24 in the LZn group, 23 in the MZn group, and 24 in the HZn group; at 7, 10,
and 14 dpi, 12 in each group; at 42 dpi, 12 in the LZn and MZn groups and 11 in the HZn group). All piglets were weaned at the age of 28 days and were orally
infected with S. Typhimurium on day 32. The vertical bars in the box plots indicate the minimal and maximal values recorded. Circles represent outliers.
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onies with or without a black center, with yellow discoloration of
the XLD agar, typical for Escherichia coli. The presence of E. coli
was further confirmed by biochemical methods, i.e., API 20E (bio-
Mérieux, France) (data not shown). These E. coli bacteria were

also isolated from jejunal mesenteric lymph nodes and, to a lesser
extent, from tonsils. Because the study focused on Salmonella, the
isolated E. coli bacteria were not investigated further. Resistance to
nalidixic acid has been found in 61 to 68% of commensal E. coli

FIG 4 CD8� cytotoxic T cell counts, relative to those of the living lymphocyte population, in the blood of piglets receiving different Zn concentrations in their diets
before and after challenge with S. Typhimurium (a) and 14 dpi (b). (a) Dark gray bars, low Zn concentrations (LZn) in the diet (about 50 to 80 mg/kg of feed); white bars,
medium Zn levels (MZn) in the diet (150 mg Zn/kg); light gray bars, high Zn levels (HZn) in the diet (2,500 mg Zn/kg). The numbers of samples analyzed were as follows:
before infection (0 dpi) and at 2 dpi, 24 in the LZn group, 23 in the MZn group, and 24 in the HZn group; at 7, 10, and 14 dpi, 12 in each group; and at 42 dpi, 12 in the
LZn and MZn groups and 11 in the HZn group. (b) Relative CD8� cytotoxic T cell counts in LZn, MZn, and HZn piglets at 14 dpi (n � 12). All piglets were weaned at
the age of 28 days and were orally infected with S. Typhimurium on day 32. The plus sign indicates a tendency, and asterisks indicate significance (�, 0.05 	 P 	 0.1; *,
0.01 	 P 	 0.05; **, P 	 0.01). The vertical bars in the box plots indicate the minimal and maximal values recorded. Circles represent outliers.

FIG 5 Counts, relative to those of the living lymphocyte population, of CD2� T and NK cells, CD8high cytotoxic T cells, CD4� T helper cells, and IgM-positive
(IgMpos) B cells in ileal lymph nodes (IL LN) 42 days after S. Typhimurium infection of 12 piglets fed a low-Zn (LZn) diet (60 to 80 mg Zn/kg as ZnO), 12 piglets
fed a medium-Zn (MZn) diet (150 mg Zn/kg as ZnO), and 11 piglets fed a high-Zn (HZn) diet (2,500 mg Zn/kg as ZnO). Each dot represents the finding for one
animal. Each horizontal line indicates the median for the animals in one feeding group. Plus signs indicate a tendency (0.05 	 P 	 0.1); asterisks indicate
significant differences (*, 0.01 	 P 	 0.05; **, 0.001 	 P 	 0.01; ***, P 	 0.001).
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strains in humans and in 58% of isolates from pigs (32, 33). Thus,
it can be assumed that in the pigs used in the present study, there
were multiple commensal E. coli strains carrying this resistance.
There has been repeated evidence that enteropathogens, such as S.
Typhimurium or E. coli, use the inflammation state in the intes-
tine to infect the host (15, 16, 34). Furthermore, the inflammatory
state in the gut can boost horizontal gene transfer between the
infectious agent and the residual gut microbiome (35), which
could also play a role in the observed bloom of the E. coli resistance
to NAL. Resistance to NAL is caused by a mutation in the gyr gene
(36), which, among other genes coding for resistance to antibiot-
ics in S. Typhimurium DT104, is clustered in class 1 integrons on
Salmonella genomic island 1 (SGI1) (37). SGI1 was detected in S.
Typhimurium DT104 as circular extrachromosomal DNA (38),
which can be transferred in the presence of a helper plasmid pro-
viding the mating apparatus (39).

In contrast to previous studies performed under the same ex-
perimental conditions, where salmonellae were observed sporad-
ically in the mesenteric lymph nodes 28 dpi (17, 18), massive Sal-
monella counts in the colonic mesenteric lymph nodes and in the
tonsils were observed in this study even at 42 dpi, irrespective of
the Zn level in the diet. At the same time, no clinical signs were
observed. This might suggest that the immune system was able to
sequester the bacteria but was not strong enough to kill them.
Additionally, the high ZnO level in the diet had no protective
effect against invasion of the host by enteric pathogens, as evi-
denced by the fact that the same levels of salmonellae were ob-
served in the organs.

Salmonellae possess several defense mechanisms allowing
them to survive within host cells (15, 16, 40). Host antibodies
opsonize circulating bacteria, preparing them for lysis. The ma-
ternal anti-Salmonella IgG was not able to opsonize the strain of S.
Typhimurium used in this study for the microagglutination test in
vitro (data not shown) and thus likely had no effect on the piglets’
immune defenses but possibly delayed the synthesis of the host
IgG. In contrast to the findings of previous studies (17, 18), the
piglets’ own antibodies, which were able to opsonize the infection
strain in vitro (data not shown), were synthesized from 21 to 28
days after infection. The observed tendency in the group fed high
dietary ZnO levels to have increased anti-Salmonella IgG levels 42
dpi needs further investigation, because the titer of antibodies
reached no plateau at this time.

The relative counts of the CD2� T and NK cells as well as the
CD4� T helper cells circulating in the blood decreased after the
Salmonella challenge; thus, their migration to the infection site in
the intestine could be expected. However, this remains specula-
tive, since no data on the cell counts in the lymph nodes before
infection could be obtained.

A recent study has shown an ability of Salmonella Typhimu-
rium to induce downregulation of major histocompatibility com-
plex class II (MHC II) molecules on porcine alveolar macrophages
due to regulation by Salmonella pathogenicity island 1 (SPI-1) and
SPI-2 (41). For this reason, S. Typhimurium could escape the lysis
mechanisms applied by host immune cells (42) by hiding itself in
host cells, because the host cells, especially dendritic cells, are no
longer able to present Salmonella antigens through MHC II mol-
ecules to the T helper cells. This mechanism could explain our
findings that the relative percentages of CD2� T and NK cells and
of CD4� T helper cells are diminished. Additionally, Van Parys et
al. (41) found in 2012 that MHC I molecules are not affected. In

line with those findings, we observed no changes in the cytotoxic T
cell population. There were no differences between the zinc feed-
ing groups at 2 dpi: all three different feeding groups showed the
same decreases in the relative percentages of CD2� T and NK cells
and of CD4� T helper cells. Therefore, one could assume that it
was not Zn supplementation, but S. Typhimurium, that was re-
sponsible for the observed decreases in the level of T cells. How-
ever, the piglets were fed the Zn-supplemented diets for only a
short time, while it takes about 14 days to observe differences in
tissue Zn concentrations (7). Indeed, at 14 dpi, a lower frequency
of CD8high cytotoxic T cells in blood was observed for the HZn
group. Thus, increased homing of the cytotoxic T cells to the in-
fection site could have occurred in this group. The transient and
potentially beneficial effect of increased Zn intake diminished af-
ter a longer time. Six weeks of feeding the high level of ZnO re-
sulted in decreases in the numbers of different T cells in the mes-
enteric lymph nodes, indicating a suppressive effect of Zn,
comparable to the situation at the edge of deficiency in the LZn
group.

In summary, supplementation of the feed with ZnO at a level of
2,500 mg Zn/kg of diet immediately after weaning could positively
affect piglets infected with Salmonella Typhimurium, but the ben-
eficial effect may last for a short period only. After 2 weeks of
feeding the high dose of 2,500 mg Zn/kg of diet, all positive effects
disappear, and rather negative effects occur, such as higher shed-
ding of salmonellae, lower T cell frequencies, and a lower average
body weight gain. Thus, when ZnO is used at high levels in the pig
industry, it should be fed no longer than 2 to 3 weeks.
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