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Abstract: Public health concerns and the potential for food-borne zoonotic transmission have made
Salmonella a subject of surveillance programs in food-producing animals. Forty-two piglets (25 d of
age and initially 7.48 kg) were used in a 28 d infection period to evaluate the effects of a high
proportion of rye on reducing Salmonella Typhimurium. Piglets were divided into two diet groups:
control diet (wheat 69%) and experimental diet (rye 69%). After a one-week adaptation period, all
piglets were orally infected with Salmonella Typhimurium (107 log CFU/mL; 2mL/pig). Salmonella in
fecal shedding were evaluated at day 1, 3, 5, 7 and then weekly after infection. At the end of the
experimental period (at day 28 after infection), the piglets were euthanized to sample feces, cecal
digesta contents and ileocecal lymph nodes to determine the bacterial counts of Salmonella. The
results suggest that the bacterial counts in the experimental group fed rye diets showed evidence of
reducing Salmonella fecal shedding from day 14 onwards and decreasing the number of Salmonella
in cecal digesta. However, the translocation of Salmonella in ileocecal lymph nodes was not affected.
Furthermore, feed intake, weight gain and feed conversion did not differ between the groups (p >
0.05).
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1. Introduction

Salmonellosis is primarily a zoonosis and interventions are possible at any stage from farm to
fork [1]. Salmonella enterica serovar Typhimurium is strongly associated with pigs, with infections in
humans caused by contaminated pork and meat products, causing an impact on public health [2,3].
In Germany, 33% of acquired infections or 13,529 cases of salmonellosis were reported in 2018 [4],
making salmonellosis the second most commonly reported bacterial gastrointestinal disease in
Germany after Campylobacter enteritis [4].

With regard to reducing the number of Salmonella cases in the feed-to-food chain, it has
frequently been demonstrated that the use of antimicrobial agents in food animals favors the
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development of resistance among foodborne pathogens like Salmonella spp. [5]. Since antimicrobial
resistance is on the rise, therefore, there is an urgent need for new strategies to focus on the reduction
of Salmonella in the intestinal tract by competitive binding of bacteria and support of intestinal
function to reduce colonization [6]. Due to their bacteriostatic and bacteriolytic properties, short-
chain fatty acids such as formic or butyric acid and their derivatives were reported in previous
studies, these being widely used to control Salmonella in the pork production chain already at the
farm level [7-9].

Feeding concepts for fattening pigs are often based on wheat, triticale and maize [10]. However,
due to the improvements attained through rye, the concentrations of anti-nutritional factors such as
alkylresorcinols and trypsin inhibitors, as well as ergot poisoning, have been reduced [11,12]. In
recent years, intensive studies on rye focused on the use of high proportions of rye in rations with
high dietary fiber contents, which had various positive effects [13-16]. The effects of rye in pig
feeding, which are of particular interest, are induced by the fraction of non-starch polysaccharides
(NSPs) [17]. Rye is by far the most fiber-rich grain [16], with high levels of arabinoxylans and fructans,
which can only be broken down by microorganisms of the large intestine, opening up opportunities
for a targeted influence on the fermentation pattern in the direction of forced butyrate formation in
the cecum [16,18]. Consequently, butyrate is the main metabolic product of anaerobic bacteria
fermentation in the intestine, which can contribute to intestinal health [19]. It is tempting to speculate
that modifying the gut microbiota to produce more butyrate could reduce invasive Salmonella
infections in animals [7-9,19]. Butyrate can interact with Salmonella proteins and, as a result, the
invasion capacity decreases. Furthermore, it can reduce the penetration of Salmonella into intestinal
epithelial cells and thus reduce the exposure of pigs to Salmonella [9,19-21].

In the present study, the focus of interest was the question of whether the effects of a new
concept, especially high rye content in the feed mixture of young pigs, could reduce the prevalence
of Salmonella in fecal shedding. In addition, cecal contents of pigs were examined because the invasion
of Salmonella takes place primarily in this location [22]. Furthermore, possible translocation of the
pathogen from the intestine into the animal body by detecting of Salmonella in the lymph nodes was
investigated. This is of crucial importance due to the risk of Salmonella entering the food chain. The
issue of animal health on growing performance is also of great concern.

2. Materials and Methods

2.1. Ethical Statement

The experiments took place in the biosafety level 2 infection stable (S2) of the Institute for Animal
Nutrition, University of Veterinary Medicine Hannover, Foundation, Germany in accordance with
German regulations and were approved by the Ethics Committee of Lower Saxony for the Care and
Use of Laboratory Animals, LAVES (Niedersidchsisches Landesamt fiir Verbraucherschutz und
Lebensmittelsicherheit; reference: 33.8-42502-04-19/3257; announcement dated 27.11.2019).

2.2. Animal and Housing

A total of forty-two weaned pigs came from piglet production from the Farm for Education and
Research in Ruthe, University of Veterinary Medicine Hannover, Foundation (N = 42). The piglets
were divided into three consecutive trials (T) with fourteen animals each (n = 14 per trial), at the age
of 24.9 + 0.7 days. The animals were selected for the formation of two comparable groups in each trial
(control: n =7 and experimental: n = 7) on the basis of the following criteria: weight (control: 7.48 *+
1.11 kg and experimental: 7.48 + 1.20 kg), sex ratio (female/male castrated) and sow (siblings
distributed to both groups). At the time of grouping, the animals were weighed and marked with an
individual ear tag.

The stable was divided into fourteen compartments, the piglets were housed individually. The
pen dimensions measured 1.1 m x 2.2 m per animal. Each animal pen was equipped with a nipple
drinker, a tiltable feeding trough, a 1 m? rubber mat as a lying surface and an infrared lamp hanging
above the animal. Room temperature was recorded with a data logger (EBI 20-T1, Xylem Analytics
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Germany Sales GmbH & Co. KG, Weilheim, Germany) during the respective trial period (24.5 + 0.8
°C) and the lighting program in the stable was set at a twelve-hour day and night rhythm, so that the
light was switched on from 07:00 to 19:00.

Before beginning the trials, the stable and all materials were disinfected and tests were carried
out to confirm that they were free of Salmonella species contamination. To rule out Salmonella
contamination of the feed and thus entry thereof via the feed into the infection stable, the feed batches
were examined in advance for Salmonella. To prevent cross-contamination between the individual
pens, each pen was equipped with its own utensils (brooms, trays, spatulas). Protective clothing,
disposable boot covers and gloves could be changed before entering the corresponding area of the
stable. The positions of the groups in the stable were changed between the trials.

2.3. Diets

The composition of diets is described in Table 1. The piglets were allocated to two groups
(control: N =21, n=7 and experimental: N =21, n=7) and fed ad libitum with the complete pelleted
feed depending on whether wheat served as the control group (contained 69% wheat) or rye
(experimental group; contained 69% rye, Table 1), according to the previous result from Wilke [14].

Table 1. Composition of diets during the experiment as percentages.

Feedstuffs Control Experimental
Wheat 69.0 -
Rye - 69.0
Soybean meal * 115 11.5
Barley 10.0 10.0
Potato protein 5.10 4.90
Calcium carbonate 1.00 0.90
Monocalcium phosphate 0.90 1.00
Fat (soybean oil) * 0.50 0.50
Sodium chloride 0.35 0.40
Feed additives ** 1.65 1.80

* Soybean meal (steam heated, with soapstock) made from genetically modified soybeans. **
Additives (per kg as fed); nutritional additives: vitamin A (12,000 IU), vitamin D3 (2000 IU), vitamin
E (150 mg), copper from copper-(II)-glycinate chelate hydrate (4 mg), copper from copper-(II)-sulfate
pentahydrate (110 mg), manganese from manganese glycine manganese chelate hydrate (35 mg),
manganese from manganese-(II)-oxide (45 mg), zinc from glycine zinc chelate hydrate (40 mg), zinc
from zinc oxide (80 mg), iron from iron-(II)-sulfate monohydrate (200 mg), iodine from calcium iodate
anhydrous (2.0 mg), and selenium from sodium selenite (0.40 mg); zootechnical additives: 5.0 x 10°
CFU Saccharomyces cerevisiae.

Feed chemical composition as well as particle size distribution of the diets are summarized in
Table 2. Diets were analyzed by standard procedures in accordance with the official methods of the
Verband Landwirtschaftlicher Untersuchungs- und Forschungsanstalten (VDLUFA [23]). The
standardized methods of the Department of Animal Science, Aarhus University, Denmark were used
to evaluate the NSP and arabinoxylans levels. Feed particle size distribution was assessed by a wet-
sieve method of Wolf et al. [24].

Table 2. Feed chemical composition of control and experimental diets (g/kg dry matter).

Item Control Experimental
Dry matter (g/kg as fed) 897 903
Crude ash 514 54.2
Crude protein 205 213
Ether extract 28.0 23.6

Crude fiber 28.7 28.2
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Starch 516 461

Sugar 41.0 61.0

Nitrogen-free extract (NfE) ! 584 681
Metabolizable energy (ME) 2

(MJ/kg DM) 15.6 15.5

Calcium 9.21 9.26

Phosphorus 5.74 6.42

Arginine 10.4 10.8

Cysteine 3.73 4.01

Isoleucine 7.98 8.01

Leucine 14.5 14.3

Lysine 144 15.1

Methionine 4.64 5.71

Phenylalanine 9.89 9.72

Threonine 7.97 9.60

Valine 9.62 10.0

Non-starch polysaccharides (NSPs) * 123 140

Arabinoxylans * 63.0 74.0

Particle size (in%)

>2 mm 3.55 2.83

>1-<2 mm 28.1 25.3

>0.2-<1 mm 30.5 30.4

<0.2 mm 37.9 41.5

! Nitrogen-free extract (NfE) = dry matter —(crude ash + ether extract + crude fiber + crude protein). 2
Metabolizable energy (ME) calculated from the specified raw nutrient content. * NSPs and
arabinoxylans were analyzed by the Department of Animal Science, Aarhus University, Denmark.

2.4. Experimental Design

The Salmonella Typhimurium strain in this study was obtained from the field study [25]: S.
Typhimurium (antigenic formula: 1,4,5,12:i:1,2, Phage type DT 193). Three consecutive trials of the
infection experiment followed in accordance with the same investigation scheme (Figure 1). For the
experiment carried out after a one-week adaptation period, all piglets were orally infected (day 0)
with 2 mL of a broth containing ~ 1 x 107 colony-forming units (CFU) S. Typhimurium/animal directly
into the throat using a drencher as already described [26].

Experimental Design

Salmonella

. Dissection
Infection

Fecal, Cecal,
[ ey i P =
Adaptation phase
10 -7 01 3 5 7 14 21 28 dpi
« Body weight « Body weight Feed Feed « Body weight
« Rectal swab « Rectal swab intake intake « Blood sample
« Blood sample « Feed intake
} '
I T
Pre-infection Post-infection
() - Fecal sample

Figure 1. Overview concerning the time and sample plan for Salmonella diagnostics.

After the infection, animals were used in a 28-day experiment to determine the effects of control
(69% wheat) or experimental group (69% rye) in complete pelleted feed, and to determine a possible
effect of the diets on the duration of and level of Salmonella excretion. Fecal samples of the piglets
were examined microbiologically for Salmonella species at defined time points (at 1, 3, 5, 7, 14, 21 and
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28 days post-infection (dpi), as shown in Figure 1) to evaluate the status of the Salmonella infection.
At the end of the experimental period (28 dpi), cecal chyme and lymph nodes were tested for
Salmonella.

During the experimental phase, performance parameters, i.e., feed intake, were recorded on a
weekly basis (Figure 1). To prevent cross-contamination between the animals during the infection,
animals were weighed before the infection (0 dpi) and again at the end of the experiment (28 dpi;
Figure 1). Corresponding parameters, average body weight gain (BWG) and feed conversion ratio
(FCR) were determined.

In accordance with standardized Salmonella diagnostics, a blood sample was taken from each
animal on the day of the experimental infection and at the end of the experiment (Figure 1). Serum
was examined serologically for specific antibodies against Salmonella; Salmonella antibody ELISA
(IDEXX Swine Salmonella antibody Test, IDEXX Europe B.V., Hoofddorp, the Netherlands) was used.
The cut-off value was 210% optical density (OD).

2.5. Bacteriological Analyses and Salmonella Detection

Samples were taken for bacteriological analysis, and bacterial counts were determined for
Salmonella detection. All test sections were carried out following the DIN EN ISO 6579-1 and 6579-2
guidelines [27,28]. Briefly, all collected samples were first placed for pre-enrichment in buffered
peptone water (BPW; Oxoid Deutschland GmbH, Wesel, Germany), the ratio of which was 1:10,
based on the volume of fecal or cecal chyme sample or the mass of the lymph node. For the next
process of qualitative analysis, an incubation overnight at 37 °C took place. Each BPW-inoculated
sample was placed with three drops (100 pL/drop) on modified semisolid Rappaport-Vassiliadis
agar (MSRV; Oxoid Deutschland GmbH, Wesel, Germany) and incubated for a further 24 h (h) at 41
°C. After the incubation period, the evaluation was carried out macroscopically. If the result was
positive, a white-grayish cloudy swarming zone spread over the entire agar resulting from the drops.
Suspected Salmonella samples were also spread on the second selective nutrient media, xylose lysine
deoxycholate agar (XLD; Oxoid Deutschland GmbH, Wesel, Germany) and Brilliance Salmonella
agar (Oxoid Deutschland GmbH, Wesel, Germany) so that a confirmed result could be read after a
24 h incubation period.

In addition, Salmonella quantitative analysis of the fecal and cecal contents was performed as
previously described [28,29]. Due to the high number of samples, a most probable number (MPN)
method was used. One gram of the homogenized fecal or cecal content and 9 mL of BPW were
vortexed. The bacterial count of the sample material was determined by a serial dilution with BPW
in a deep well block (Sarstedt AG & Co, Niimbrecht, Germany). Quantitative proof of the dilution
steps in a microtiter plate (Sarstedt AG & Co, Niimbrecht, Germany) was carried out in triplicate, as
already described in detail [26]. After a 24 h incubation at 37 °C, the total volume of each well was
transferred to another deep well block filled with MSRV agar and incubated for 24 h at 41 °C. The
results were confirmed by cultural cultivation on Brilliance Salmonella agar, and subsequently the
number of bacteria was calculated by an MPN software program [30]. To confirm the experimentally
used Salmonella strain, salmonella-like colonies on Brilliance Salmonella agar were finally excluded
by serotyping.

2.6. Statistical Analysis

The SAS software package version 7.1 (SAS Institute, Cary, NC, USA) was used for the statistical
evaluation. The evaluation was carried out in cooperation with the Institute for Biometry,
Epidemiology and Information Processing of the University of Veterinary Medicine Hannover,
Foundation. Measurements such as mean values and standard deviations were calculated for the
descriptive statistics. Salmonella results and performance parameters, i.e., body weight and feed
intake, were analyzed at the level of the individual animal.

For evaluating the quantitative parameters between the control and experimental groups, two-
way analysis of variance (ANOVA) with group and trial as independent factors was conducted. For
analysis differences concerning distribution in qualitative parameters (Salmonella detection in cecal
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content, etc.), the chi-squared homogeneity test was used. Differences with a significant level of p <
0.05 were considered significant.

3. Results

3.1. Salmonella Prevalence

The results of this study demonstrated that at the beginning of the post-infection period (1, 3, 5,
7 dpi), all the pigs were colonized. There were no significant differences in mean bacterial counts
(logio + SD) of Salmonella in the feces between the wheat and rye groups. A peak in Salmonella
shedding occurred at day 5 after infection in our study. However, at day 14 onwards after infection,
feeding a pellet diet containing 69% rye was associated with a significantly lower bacterial count of
Salmonella in fecal samples than in those taken from the group fed with 69% wheat in the diet, as
shown in Figure 2 and in detail in Table S1 (control and experimental, 14 dpi: 3.30 @ + 0.50 and 2.62 ®
+0.18 (p <0.001), 21 dpi: 3.11 2+ 0.36 and 2.40 >+ 0.65 (p < 0.001), 28 dpi: 3.02 2 + 0.45 and 2.36 > + 0.57
(p =0.001), respectively).

* *
Mn m
I Control

] Experimental

Salmonella Typhimurium
log,, CFU/g
T

1 3 5 7 14 21 28

Days post infection (dpi)

Figure 2. Counts of Salmonella (logio CFU/g fecal sample) of piglets after an experimental oral infection
with S. Typhimurium in different diets. Means of bacterial counts between the control (69% wheat)
and experimental (69% rye) groups differ significantly (* p <0.05).

After oral infection with S. Typhimurium, different diets had significant influence on the counts
of Salmonella in the cecal content (Table 3). The bacterial counts in the cecal content also differed
significantly (logi CFU/g; control group: 3.34 = = 0.50, experimental: 3.08 * + 0.56; p = 0.038; Table 3).

However, cecal content and ileocecal lymph node samples were qualitatively Salmonella positive
(control: 100% and 61.9% and experimental: 100% and 66.7%, respectively; Table 3), but no differences
could be seen between the two groups.

Table 3. Number of Salmonella-positive samples from cecal content and ileocecal lymph nodes at
dissection after oral infection with S. Typhimurium.

Sample Salmonella Test Control Experimental
Quantitative . .
Cecal content logio CFU/g 3:342+050 3.08°:+0.56
Qualitative (npos/ntotal) 214/21 212/21
Lymph nodes Qualitative (npos/Notal) 13 2/21 14 4/21

ab Means in a row with different superscripts differ significantly between groups (p < 0.05). npos =
number of positive samples, nwtl = number of total samples.
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Three consecutive experiments were conducted using piglets from different sows. The results of
the counts of Salmonella (logio CFU/g fecal sample) for different trials and different diets are shown
in Table 4. After initial statistical evaluations, a marked effect for the factor trial was shown, with
significant effects at 1 dpi (p < 0.001), 7 dpi (p = 0.036), 21 dpi (p = 0.001) and 28 dpi (p < 0.001). An
effect of diet seems to be present for days 14 (p <0.001), 21 (p <0.001) and 28 (p < 0.001) after infection.
In addition, a bacterial count for Salmonella in cecal content was significantly affected by the diet (p =
0.035). Interestingly, the two-way analysis of variance (ANOVA) showed significant interactions
between the factors diet and trial, which were observed for days 5 and 7 (p = 0.011 and p = 0.041,
respectively; Table 4). On the other hand, there was not a significant effect of the type of diet by the
trial interaction at day 3 after infection (p = 0.188; Table 4).

Table 4. Counts of Salmonella (logio CFU/g fecal sample) of piglets after an experimental oral infection
with Salmonella Typhimurium for different trials and different diets.

Trial

i i i -Val
Time Point Trial 1 Trial 2 Trial 3 p-Value

Diet

Con Exp Con Exp Con Exp Trial Diet  Trial x Diet

. 246% 246b 297° 246> 371s 349a
1 dpi £040 £050 +053 £010 036 011 ~0001 0089 0-206

. 3000 3142 320° 2632 3492 329s
3 dpi £058 073 +077 +018 <011 =020 OO 0187 0.188

. 329 3662 351 294b 331 3000
5 dpi £023 055 +043 +036 +038 =040 O1M 0176 0.011

. 301 3232 294b 2545 334a 2800
7 dpi £039 064 041 010 +025 =042 0036 009 0.041

. 3402 271 3232 257b 329a 257b
14.dpi +085 +028 +£021 +0.08 =+020 =+0.08 0524 <0.001 0981

. 271 200c¢ 3402 257t 3.23a 2630
21 dpi +028 +1.05 =+000 008 =+021 =*0.18 0.001  <0.001 0-807

e . 243 197¢ 3342 254> 3292 257b
28 dpi (Dissection) 1008 +090 +015 <010 £020 +0.08 <0.001 <0.001 0.478

Cecal 3482 3.090 3432 299b 3432 3.17°P
content +0.86 +097 =+0.08 +023 =+0.08 =+0.21 0883 0.035 0888

abe Different subscripts within a row mark significant differences (p < 0.05). Con (control): animals fed
with 69% wheat compound pelleted diet; Exp (experimental): animals fed with 69% rye compound
pelleted diet.

3.2. Serological Test for Specific Antibodies Against Salmonella

Optical density (OD)% was used to determine the Salmonella antibody status in blood samples
from piglets. In both groups, on the day before infection, all of the pigs were seronegative. At day 28
after infection, regarding the number of positive blood samples from piglets, there was no significant
difference in seroprevalence detected between the groups (p > 0.05; Table S2).
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3.3. Animal Performance

As a result of the evaluations carried out, there were no significant differences in the
performance parameters between the groups. During the experimental period, before and after
infection, there were no significant differences in the body weight (BW), as shown in Figure 3 and in
detail in Table 5 and Supplementary Table S3. Furthermore, feed intake was measured individually
for the entire trial period. Differences between the groups regarding the mean weekly feed intake (FI)
were not statistically significant (control and experimental; mean FI at week 5 (21-28 dpi, in kg): 9.78
a+1.52 and 9.40 2 + 1.48; p = 0.136; Figure 3 and Table S3).

40 154

. Control . Experimental . Control . Experimental

[~
=1
1

104

Body weight (kg)
= )

= [=1

1 L

Feed intake (kg)

-10 -7 0 28 1 2 3 4 5
Days post infection (dpi) Week

Figure 3. Performance data during the entire experimental period.

Table 5. Performance data during the experiments with experimental Salmonella infection, in kg.

Group
Parameter Control Experimental p-Value
(n=21) (n=21)

Body weight (0 dpi) 9.892+1.28 10.12+1.31 0.085
Body weight (28 dpi) 27.82+3.72 27.72+3.28 0.980
BWG/piglet (0-28 dpi) 17.92+2.54 17.62+2.29 0.847
BWG/group (0-28 dpi) 3762+2.54 3702+2.29 0.229
ADG (g/d) 639 2+3.12 629 2+2.75 0.079
Total feed intake (0-28 dpi) 564 2+3.93 5602 +4.11 0.126
FCR (kg/kg) 1.50 2+ 0.07 1.512+0.13 0.786

2 Means + SD within the same row with same superscripts do not differ significantly (p >0.05). Control:
animals fed with 69% wheat compound pelleted diet; Experimental: animals fed with 69% rye
compound pelleted diet. dpi = day after infection; BWG = body weight gain, ADG = average daily
weight gain, FCR = feed conversion ratio.

Table 5 summarizes the performance data during the experiments with experimental Salmonella
infection from the day before infection (0 dpi) to the day of dissection (28 dpi). No significant
differences were noted between the groups for BW at each time point (0 dpi (p = 0.085) and 28 dpi (p
= 0.980)) and body weight gain (BWG; Table 5). The average daily weight gain (ADG) in the control
group was about 639 g and in the experimental group, 629 g (Table 5). Similarly, the feed conversion
ratio (FCR = feed requirement in kg per kg BWG) was not significantly affected between the wheat
and rye diet groups (1.50 and 1.51, respectively).

4. Discussion

In recent years, the interest in rye has increased in terms of its good sustainability [31]. However,
the use of rye in large amounts in diets for pig production is not typical because it can be associated
with ergot poisoning [32]. On the other hand, rye has a high dietary fiber content [17], the fraction of
NSPs in rye being more fermentable for monogastric animals than is the case for other cereals [13].
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Nowadays, varieties of rye have been developed which reduce its susceptibility to ergot
contamination; therefore, we can include rye in diets for swine [11,33].

The present study shows results of a feeding concept in young pigs fed with a high proportion
of rye, and its effects on Salmonella prevalence, along with analyzing its effects on performance. In
terms of Salmonella shedding, a significant reduction in the number of bacterial counts of Salmonella
was seen in feces from 14 day onwards when considering the entire infection period for the
experimental group. Feeding a diet containing 69% rye to young pigs may play a significant role in
reducing Salmonella shedding after infection. In addition, the prevalence of Salmonella was found to
be significantly lower in the cecal chyme of pigs fed with rye diets. Hence, if there was a reduction in
the incidence of Salmonella in feces of pigs, which is the most likely source of contamination in the pig
production chain, then it may help to reduce the risk of human salmonellosis.

To our knowledge, fermented rye has been previously studied to control Salmonella in nursery
pigs [34]. Faba et al. [34] reported that pigs fed with organic acids combined with fermented rye had
reduced S. Typhimurium shedding compared to pigs fed with organic acids plus coated butyrate
(3.11 and 3.87 logi CFU/g, respectively) over the 21 d period post-challenge with 109 CFU/mL.
However, the pigs in our study were infected with 10”7 CFU of S. Typhimurium, so comparison across
infection studies is difficult. In this respect, an infection dosage in the present study could provide
more opportunities to determine the effects of diet, which corroborates with other studies [8,35,36].
The S. Typhimurium oral challenge resulted in an effective infection in our study. At the beginning
of the trial, all the pigs in the study showed a Salmonella-negative result. Then, after oral infection,
nearly all infected animals excreted Salmonella until the end of the study. In addition, it is assumed
that the challenge dose in practice or natural infection is often established with low or moderate
numbers of Salmonella when compared with our study [36]. However, the scientific literature on the
usefulness of a high proportion of rye in diets in a dry and pelleted form for Salmonella reduction in
livestock animals, specifically young pigs, is scarce.

A reduction in Salmonella shedding in pigs in this study was possibly related to the components
in rye such as dietary fiber, including NSPs. Compared to the total concentration of NSPs and
arabinoxylans between groups, the mean concentration was higher in rye in the present study. The
concentration of total NSPs was 123 g/kg dry matter (DM) in wheat and 140 g/kg DM in rye. In addition,
the mean concentration of arabinoxylans was 63 g/kg DM and 74 g/kg DM in wheat and rye diets,
respectively (Table 2). The concentrations of carbohydrate fractions in wheat and rye were in general
agreement with those values of previous studies [17,18]. The NSP content of rye has traditionally been
put forward to explain the effects on gut health benefits for pigs, especially arabinoxylans (8-9%) and
fructans (approximately 3% and range up to about 6%) [33,37]. Rye has greater concentrations of
arabinoxylans and fructans than other cereal grains [38,39] that can be changed by microorganisms
to butyrate in the digestive tract [10,17].

According to Wilke [14], the effects in terms of nutritional physiology have been evaluated. In
the group with 69% rye in the diet, significantly higher concentrations of lactate in the anterior
digestive tract were found, as well as an increased entry of fermentable organic substances in the
large intestine (approx. 35% higher butyrate concentrations) in the ingesta of cecum and colon, the
preferred colonization area of Salmonella, in comparison to those animals given a wheat-based diet
[22]. How rye affects Salmonella colonization is unclear. Consequently, the antimicrobial effects of
lactate and butyrate seem to play an important role against Salmonella [14]. High butyrate
concentrations in the hindgut have been found when a high amount of rye in diets is given to young
pigs [14]. The focus on the mechanism of action of butyrate in reducing Salmonella has been explained
in various studies [7,9,19,40,41]; similar mechanisms possibly play a role in our study. Further
investigations are needed to better elucidate the Salmonella shedding reduction and other health-
promoting mechanisms potentially associated with rye on the physiological processes in the
gastrointestinal tract and the stability of the intestinal microbiota of pigs.

Less fecal Salmonella excretion indicates less colonization of Salmonella in the intestine and
reduced severity of the infection [42,43]. In addition, in our study, the lymph node was used to
confirm colonization. A translocation of Salmonella from the intestine into the adjacent ileocecal
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lymph nodes was investigated in all experimental runs. The piglets were totally Salmonella positive
at the time of dissection (in cecal chyme), but positive evidence in lymph nodes was found in twenty-
seven of a total of forty-two animals (control: n = 13; experimental: n = 14). Less is known about the
role of rye in the translocation effect of Salmonella in the pig model. However, in previous experiments
with poultry, this was determined with other pathogens such as Escherichia coli and Clostridium
perfringens [44,45]. When observing the elevated bacteria translocation while feeding a diet rich in
NSPs [44], the prolonged transit time of the intestinal contents possibly induces proliferation of
pathogenic bacteria. Moreover, Tellez et al. [45] also reported that a rye diet negatively influences
bacterial translocation and intestinal viscosity in poultry. Nevertheless, the viscosity does not pose a
large problem in swine as much as in poultry [46].

The outcome of the current study showed that the use of compound feeds with higher dietary
proportions of rye in young pigs caused no significant differences in performance, i.e., average body
weight gain, feed intake and feed conversion ratio compared with those of animals fed with generally
high amounts of wheat. Similar results were obtained by Grone [15] and Wilke [14], who observed
no negative impact on growth performance when young pigs were fed diets containing a high
proportion of rye. Previous studies have shown positive effects of feeding rye on performance data
[46-48]. Among the beneficial effects of the dietary fiber components in rye, it can provide energy to
the pig mostly via the digestion of starch and fermentation of fiber in the hindgut. Moreover, the
NSPs in rye may promote greater butyrate production and improve intestinal health [33].
Furthermore, scientific studies have evaluated the feed digestibility in pigs concerning diets
containing rye [48]. The rye-based diets had higher digestibility coefficients for dry matter, crude
protein and gross energy than barley when rye was included in a young growing pig diet at 60% [49].
Thacker et al. [46] suggest that rye may have much more potential in pig performance when
administered in pellet form. Furthermore, to improve feed efficiency and average daily gain, the NSP
enzyme would be recommended for diets containing high rye levels [47]. Contrary to the present
results, a previous study on the use of rye in pig feeding reported that if more than 50% of the barley
or wheat in a swine diet was replaced with rye, a significant reduction in pig performance was
observed [50]. The reason for rye being less palatable is that it is more bitter than other small grains
such as wheat [51]. Alkylresorcinols in rye may be responsible for the unpleasant taste, but reduced
levels of alkylresorcinols are found in hybrid rye [11].

5. Conclusions

The results of this study support the view that a high proportion of rye might contribute to
reducing Salmonella shedding via feces in young pigs. In addition, overall, the animal performance
was good, so that no relevant differences could be observed between the rye and wheat diets. It can
be suggested that up to 70% rye in compound pelleted feed poses no problem for animal health and
welfare, additionally decreasing possible contamination with Salmonella. Another advantage that
puts rye in a better light today than in the past is its sustainable benefits, namely, it needs less
fertilizer, demands substantially less water, can reduce CO: emissions in pork production in
comparison with wheat [52] and its price, as it is an inexpensive raw feed material compared to other
cereals [11].

Nonetheless, to our knowledge, this is the first time that high amounts of rye were used in a
Salmonella challenge in a young pig model. Furthermore, our results can provide useful information,
prompting further studies of a field trial on a commercial pig farm or large-scale farming study over
a longer period, not only in young pigs, but also in all phases of pig production. However, we cannot
consider all factors when only a small group of pigs are observed. Therefore, research is needed to
better understand the gut and fecal microbiota composition underlying the effects observed when a
high proportion of rye is fed to pigs.

Supplementary Materials: The following are available online at www.mdpi.com/2076-2607/8/11/1629/s1, Table
S1: Counts of Salmonella (logio CFU/g fecal sample) of piglets after an experimental oral infection with Salmonella
Typhimurium for different diets. Table S2: Salmonella antibody status in serum of piglets in control and
experimental groups. Table S3: Performance data during the entire experimental period.



Microorganisms 2020, 8, 1629 11 of 14

Author Contributions: Conceptualization, R.G., A.v.F., ].K. and C.V.; Methodology, B.C., VW, CB.H.,, A.A.E.-
W., J.K. and C.V,; Validation, B.C., V.W. and C.V.; Formal analysis, B.C. and C.V.; Investigation, B.C., V.W. and
C.V,; Resources, C.V.; Data curation, B.C., V.W. and C.V.; Writing—original draft preparation, B.C., V.W. and
C.V.,; Writing —review and editing, B.C., VW, CB.H,, A A.E-W,R.G, Av.F,]JK and C.V,; Visualization, B.C,,
V.W. and C.V.; Supervision, ] K. and C.V.; Project administration, C.B.H. and C.V.; Funding acquisition, ].K. and
C.V. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by funds of the Federal Ministry of Food and Agriculture (BMEL, Germany)
based on a decision of the Parliament of the Federal Republic of Germany via the Federal Office for Agriculture
and Food (BLE, Germany) under the innovation support program. This publication was supported by the
German Research Foundation (Deutsche Forschungsgemeinschaft) and University of Veterinary Medicine
Hannover, Foundation within the funding program Open Access Publishing.

Acknowledgments: We would like to thank the colleagues and animal keepers from the Institute for Animal
Nutrition, University of Veterinary Medicine Hannover, Foundation for their support. In addition, we would
like to thank Frances Sherwood-Brock for proof-reading the manuscript to ensure correct English.

Conflicts of Interest: Richard Grone and Andreas von Felde are employees of KWS LOCHOW GmbH, Bergen,
Germany. They had no role in the collection, analyses or interpretation of data nor in the writing of the
manuscript or in the decision to publish the results. The manuscript has not been previously published.

References

1.  WHO. Salmonella (non-typhoidal): Fact Sheets. Available online: https://www.who.int/en/news-
room/fact-sheets/detail/salmonella-(non-typhoidal) (accessed on 11 March 2020).

2. Rosner, B.M.; Meinen, A.; Schmich, P.; Zeisler, M.-L.; Stark, K. Population-based food consumption survey
as an additional tool for foodborne outbreak investigations, Germany, 2017. Epidemiol. Infect. 2020, 148,
doi:10.1017/50950268820000564.

3. Rettenbacher-Riefler, S.; Ziehm, D.; Kreienbrock, L.; Campe, A. Pulz, M., Dreesman, ]J. Sporadic
salmonellosis in Lower Saxony, Germany, 2011-2013: Raw ground pork consumption is associated with
Salmonella Typhimurium infections and foreign travel with Salmonella Enteritidis infections. Epidemiol.
Infect. 2015, 143, 2777-2785, doi:10.1017/S0950268814003768.

4. RKIL Infektionsepidemiologisches Jahrbuch Meldepflichtiger Krankheiten fiir 2018; Robert Koch Institute: Berlin,
Germany, 2018; pp. 210-213.

5. WHO. Global Antimicrobial Resistance Surveillance System (GLASS) Report: Early Implementation 2017-2018;
World Health Organization: Geneva, 2018.

6.  Callegari, M.; Dalto, D.; Da Silva, C. A review of prevention and control methods of Salmonella species in
swine production the role of dietary non-nutritional additives. Asian J. Anim. Vet. Adv. 2015, 10, 803-829,
doi:10.3923/ajava.2015.803.829.

7. Visscher, C.; Winter, P.; Verspohl, ].; Stratmann-Selke, J.; Upmann, M.; Beyerbach, M.; Kamphues, J. Effects
of feed particle size at dietary presence of added organic acids on caecal parameters and the prevalence of
Salmonella in fattening pigs on farm and at slaughter. J. Anim. Physiol. Anim. Nutr. 2009, 93, 423-430,
doi:10.1111/j.1439-0396.2008.00821 ..

8.  Boyen, F.; Haesebrouck, F.; Vanparys, A.; Volf, ]J.; Mahu, M.; Van Immerseel, F.; Rychlik, I.; Dewulf, J.;
Ducatelle, R.; Pasmans, F. Coated fatty acids alter virulence properties of Salmonella Typhimurium and
decrease intestinal colonization of pigs. Vet. Microbiol. 2008, 132, 319-327, d0i:10.1016/j.vetmic.2008.05.008.

9.  Van Immerseel, F.; Russell, J.; Flythe, M.; Gantois, I.; Timbermont, L.; Pasmans, F.; Haesebrouck, F.;
Ducatelle, R. The use of organic acids to combat Salmonella in poultry: A mechanistic explanation of the
efficacy. Avian Pathol. 2006, 35, 182-188, doi:10.1080/03079450600711045.

10. Bederska-Lojewska, D.; 5wiqtkiewicz, S.; Arczewska-Wlosek, A.; Schwarz, T. Rye non-starch
polysaccharides: Their impact on poultry intestinal physiology, nutrients digestibility and performance
indices—a review. Ann. Anim. Sci. 2017, 17, 351-369, d0i:10.1515/aoas-2016-0090.

11. Schwarz, T.; Kuleta, W.; Turek, A.; Tuz, R.; Nowicki, J.; Rudzki, B.; Bartlewski, P.M. Assessing the efficiency
of using a modern hybrid rye cultivar for pig fattening, with emphasis on production costs and carcass
quality. Anim.Prod. Sci. 2015, 55, 467-473, d0i:10.1071/AN13386.

12.  Miedaner, T.; Geiger, H.H. Biology, genetics, and management of ergot (Claviceps spp.) in rye, sorghum,
and pearl millet. Toxins 2015, 7, 659-678, doi:10.3390/toxins7030659.



Microorganisms 2020, 8, 1629 12 of 14

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

Bach Knudsen, K.E. Fiber and nonstarch polysaccharide content and variation in common crops used in
broiler diets. Poult. Sci. 2014, 93, 2380-2393, d0i:10.3382/ps.2014-03902.

Wilke, V. Effects of increasing rye or rye and rapeseed meal (extracted) levels in diets for young pigs
regarding digestibility and performance as well as diverse properties (milieu/substrate) of the digesta in
the alimentary tract. Ph.D. Thesis, University of Veterinary Medicine Hannover, Hanover, Germany, 2020.
Grone, R. Zur Bedeutung physiko-chemischer Eigenschaften von Futtergetreide (Weizen, Roggen, Gerste)
fiir die Herstellung und Verwendung in Mischfuttermitteln fiir Schweine. Ph.D. Thesis, University of
Veterinary Medicine Hannover, Hanover, Germany, 2018.

Bach Knudsen, K.E. Nutritional modulation to improve health and welfare. In Poultry and Pig Nutrition:
Challenges of the 21st Century; Hendriks, W.H., Verstegen, M.V.A., Babinszky, L., Eds.; Wageningen
Academic Publishers: Wageningen, The Netherlands, 2019; pp. 87-96.

Rodehutscord, M.; Riickert, C.; Maurer, H.P.; Schenkel, H.; Schipprack, W.; Bach Knudsen, K.E.;
Schollenberger, M.; Laux, M.; Eklund, M.; Siegert, W. Variation in chemical composition and physical
characteristics of cereal grains from different genotypes. Arch. Anim. Nutr. 2016, 70, 87-107,
doi:10.1080/1745039X.2015.1133111.

Glitsg, L.; Brunsgaard, G.; Hejsgaard, S.; Sandstrom, B.; Knudsen, K.B. Intestinal degradation in pigs of rye
dietary fibre with different structural characteristics. Br. ]J. Nutr. 1998, 80, 457-468,
doi:10.1017/50007114598001536.

Gantois, I.; Ducatelle, R.; Pasmans, F.; Haesebrouck, F.; Hautefort, I.; Thompson, A.; Hinton, J.; Van
Immerseel, F. Butyrate specifically down-regulates Salmonella pathogenicity island 1 gene expression.
Appl. Environ. Microbiol. 2006, 72, 946-949, d0i:10.1128/AEM.72.1.946-949.2006.

Lawhon, S.D.; Maurer, R,; Suyemoto, M.; Altier, C. Intestinal short-chain fatty acids alter Salmonella
typhimurium invasion gene expression and virulence through BarA/SirA. Mol. Microbiol. 2002, 46, 1451—
1464, doi:10.1046/j.1365-2958.2002.03268.x.

Mahu, M.; Boyen, F.; Ducatelle, R.; Decostere, A.; Van Immerseel, F.; Haesebrouck, F.; Pasmans, F. Short-
and medium-chain fatty acids influence Salmonella Typhimurium virulence gene expression. In
Proceedings of The International Symposium Salmonella and Salmonellosis, Saint-Malo, France, 10-12
May 2016; pp. 297-297.

Carter, P.B.; Collins, F.M. The route of enteric infection in normal mice. |. Exp. Med. 1974, 139, 1189-1203.
Naumann, C.; Bassler, R. Methoden der landwirtschaftlichen Forschungs-und Untersuchungsanstalt,
Biochemische Untersuchung von Futtermitteln. Methodenbuch 1II (einschliefSlich der achten Erginzungen);
VDLUFA: Darmstadt, Germany, 2012.

Wolf, P.; Arlinghaus, M.; Kamphues, J.; Sauer, N.; Mosenthin, R. Einfluss der Partikelgrofie im Futter auf
die Néahrstoffverdaulichkeit und Leistung beim Schwein. Ubersichten zur Tierernihrung 2012, 40, 21-64.
Visscher, C.; Klein, G.; Verspohl, J.; Beyerbach, M.; Stratmann-Selke, J.; Kamphues, J. Serodiversity and
serological as well as cultural distribution of Salmonella on farms and in abattoirs in Lower Saxony,
Germany. Int. J. Food Microbiol. 2011, 146, 44-51, doi:10.1016/j.ijfoodmicro.2011.01.038.

Buch, J.-M. Studies regarding the effects of the addition of a combination of different monoglycerides to
compound feed on the success of experimental infection with Salmonella Typhimurium and on
translocation in weaned piglets. Ph.D. Thesis, University of Veterinary Medicine Hannover, Hanover,
Germany, 2019.

DIN ISO 6579-1:2017 —Mikrobiologie der Lebensmittelkette-Horizontales Verfahren zum Nachweis, zur
Zahlung und zur Serotypisierung von Salmonellen. Teil 1: Horizontales Verfahren zum Nachweis von
Salmonella spp. 2017. Available online: https://dx.doi.org/10.31030/2359254 (accessed on 20 December 2019).
DIN ISO 6579-2:2012—Mikrobiologie von Lebensmitteln und Futtermitteln-Horizontales Verfahren zum
Nachweis, zur Zahlung und zur Serotypisierung von Salmonellen. Teil 2: Zihlung unter Anwendung eines
miniaturisierten ~ Verfahrens  der  wahrscheinlichsten ~ Keimzahl. ~ 2012.  Available  online:
https://dx.doi.org/10.31030/1856259 (accessed on 20 December 2019).

Jarvis, B.; Wilrich, C.; Wilrich, P.T. Reconsideration of the derivation of Most Probable Numbers, their
standard deviations, confidence bounds and rarity values. J. Appl. Microbiol. 2010, 109, 1660-1667,
doi:10.1111/j.1365-2672.2010.04792.x.

MPN Software Programme. Available online: http://standards.iso.org/iso/ts/6579/-2/(accessed on 20
December 2019).



Microorganisms 2020, 8, 1629 13 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Abd El-Wahab, A.; Lingens, J.B.; Chuppava, B.; Ahmed, M.F.E.; Osman, A.; Langeheine, M.; Brehm, R.;
Taube, V.; Grone, R.; Felde, A.v.; Kamphues, J.; Visscher, C. Impact of Rye Inclusion in Diets for Broilers
on Performance, Litter Quality, Foot Pad Health, Digesta Viscosity, Organ Traits and Intestinal
Morphology. Sustainability 2020, 12, 7753, d0i:10.3390/su12187753.

Friend, D.; MacIntyre, T. Effect of rye ergot on growth and N-retention in growing pigs. Can. ]. Comp. Med.
1970, 34, 198.

Bach Knudsen, K.E. Carbohydrate and lignin contents of plant materials used in animal feeding. Anim. Feed
Sci. Tech. 1997, 67, 319-338, doi:10.1016/50377-8401(97)00009-6.

Faba, L,; Litjens, R.; Allaart, J.; van den Hil, P.R.-. Feed additive blends fed to nursery pigs challenged with
Salmonella. ]. Anim. Sci. 2020, 98, skz382, doi:10.1093/jas/skz382.

Michiels, J.; Missotten, J.; Rasschaert, G.; Dierick, N.; Heyndrickx, M.; De Smet, S. Effect of organic acids on
Salmonella colonization and shedding in weaned piglets in a seeder model. ]. Food Prot. 2012, 75, 1974—
1983, d0i:10.4315/0362-028X.JFP-12-210.

Boyen, F.; Pasmans, F.; Van Immerseel, F.; Donne, E.; Morgan, E.; Ducatelle, R.; Haesebrouck, F. Porcine in
vitro and in vivo models to assess the virulence of Salmonella enterica serovar Typhimurium for pigs. Lab.
Anim. 2009, 43, 46-52, doi:10.1258/1a.2007.007084.

Verspreet, ].; Dornez, E.; Van den Ende, W.; Delcour, J.A.; Courtin, C.M. Cereal grain fructans: Structure,
variability and potential health effects. Trends Food Sci. Tech. 2015, 43, 32—42, doi:10.1016/j.tifs.2015.01.006.
Jirgens, H.-U.; Jansen, G.; Wegener, C.B. Characterisation of several rye cultivars with respect to
arabinoxylans and extract viscosity. ]. Agric. Sci. 2012, 4, 1-12, d0i:10.5539/jas.v4n5p1.

Hansen, H.B.; Rasmussen, C.V.; Bach Knudsen, K.E.; Hansen, A. Effects of genotype and harvest year on
content and composition of dietary fibre in rye (Secale cereale L) grain. Journal of the Science of Food and
Agriculture 2003, 83, 76-85.

De Ridder, L.; Maes, D.; Dewulf, ].; Pasmans, F.; Boyen, F.; Haesebrouck, F.; Méroc, E.; Butaye, P.; Van der
Stede, Y. Evaluation of three intervention strategies to reduce the transmission of Salmonella Typhimurium
in pigs. Vet. J. 2013, 197, 613-618, doi:10.1016/j.tvjl.2013.03.026.

Walia, K.; Argiiello, H.; Lynch, H.; Leonard, F.C.; Grant, J.; Yearsley, D.; Kelly, S.; Duffy, G.; Gardiner, G.E.;
Lawlor, P.G. Effect of feeding sodium butyrate in the late finishing period on Salmonella carriage,
seroprevalence, and growth of finishing pigs. Prev. Vet. Med. 2016, 131, 79-86,
doi:10.1016/j.prevetmed.2016.07.009.

Knetter, S.M.; Bearson, S.M.; Huang, T.-H.; Kurkiewicz, D.; Schroyen, M.; Nettleton, D.; Berman, D.; Cohen,
V.; Lunney, ].K.; Ramer-Tait, A.E. Salmonella enterica serovar Typhimurium-infected pigs with different
shedding levels exhibit distinct clinical, peripheral cytokine and transcriptomic immune response
phenotypes. Innate Immun. 2015, 21, 227241, doi:10.1177/1753425914525812.

Casanova-Higes, A.; Andrés-Barranco, S.; Mainar-Jaime, R. Influence of on-farm pig salmonella status on
salmonella shedding at slaughter. Zoonoses Public Health 2017, 64, 328-336, d0i:10.1111/zph.12301.

Latorre, J.; Hernandez-Velasco, X.; Bielke, L.; Vicente, J.; Wolfenden, R.; Menconi, A.; Hargis, B.; Tellez, G.
Evaluation of a Bacillus direct-fed microbial candidate on digesta viscosity, bacterial translocation,
microbiota composition and bone mineralisation in broiler chickens fed on a rye-based diet. Br. Poult. Sci.
2015, 56, 723-732, doi:10.1080/00071668.2015.1101053.

Tellez, G.; Latorre, ].D.; Kuttappan, V.A.; Kogut, M.H.; Wolfenden, A.; Hernandez-Velasco, X.; Hargis,
B.M.; Bottje, W.G.; Bielke, L.R.; Faulkner, O.B. Utilization of rye as energy source affects bacterial
translocation, intestinal viscosity, microbiota composition, and bone mineralization in broiler chickens.
Front. Genet. 2014, 5, d0i:10.3389/fgene.2014.00339.

Thacker, P.A.; McLeod, ].G.; Campbell, G.L. Performance of Growing-Finishing Pigs Fed Diets Based on
Normal or Low Viscosity Rye Fed With and Without Enzyme Supplementation. Arch. Anim. Nutr. 2002, 56,
361-370, doi:10.1080/00039420215631.

Smit, M.N.; Zhou, X.; Landero, J.L.; Young, M.G.; Beltranena, E. Increasing hybrid rye level substituting
wheat grain with or without enzyme on growth performance and carcass traits of growing-finishing
barrows and gilts. Trans. Anim. Sci. 2019, 3, 1561-1574, d0i:10.1093/tas/txz141.

McGhee, M.L.; Stein, H.H. Apparent and standardized ileal digestibility of AA and starch in hybrid rye,
barley, wheat, and corn fed to growing pigs. J. Anim. Sci. 2018, 96, 3319-3329, doi:10.1093/jas/sky206.
Thacker, P.; Campbell, G.; Scoles, G. Performance of young growing pigs (17-34 kg) fed rye-based diets
selected for reduced viscosity. J. Anim. Feed Sci. 1999, 8, 549-556.



Microorganisms 2020, 8, 1629 14 of 14

50. Friend, D.; Maclntyre, T. Digestibility of rye and its value in pelleted rations for pigs. Can. ]. Anim. Sci. 1969,
49, 375-381.

51. Kamphues, J.; Hartung, C.; Wilke, V.; Grone, R. Roggen: Renaissance einer altbekannten Getreideart in der
Tiererndhrung? Ubers. Tierernihrg. 2019, 44, 107-163.

52. KWS. Rye-Rich Feed Mixes Can Reduce CO2 Emissions in Pork Production by More than 20%. Available
online: https://www.kws.com/corp/en/media-innovation/press/rye-rich-feed-mixes-can-reduce-co2-
emissions-in-pork-production-by-more-than-20/(accessed on 30 August 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




