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Abstract

Background: The aim of our study was to analyse the influence of air temperature and implemented veterinary
measures on salmonellosis incidence in the Czech Republic (C2).

Methods: We conducted a descriptive analysis of salmonellosis as reported to the Czech national surveillance
system during 1998-2017 and evaluated the influence of applied veterinary measures (started in January 2008) on
salmonellosis incidence by comparing two 9-year periods (1998-2006, 2009-2017). Using a generalized additive
model, we analysed association between monthly mean air temperature and log-transformed salmonellosis
incidence over the entire twenty-year period.

Results: A total of 410,533 salmonellosis cases were reported during the study period in the CZ. Annual mean
incidences of salmonellosis were 313.0/100,000 inhabitants before and 99.0/100,000 inhabitants after
implementation of the veterinary measures. The time course of incidence was non-linear, with a sharp decline
during 2006-2010. Significant association was found between disease incidence and air temperature. On average,
the data indicated that within a common temperature range every 1°C rise in air temperature contributed to a
significant 6.2% increase in salmonellosis cases.

Conclusions: Significant non-linear effects of annual trend, within-year seasonality, and air temperature on the
incidence of salmonellosis during 1998-2017 were found. Our study also demonstrates significant direct effect of
preventive veterinary measures taken in poultry in reducing incidence of human salmonellosis in the CZ. The
annual mean number of salmonellosis cases in the period after introducing the veterinary measures was only 32.5%
of what it had been in the previous period.
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Background

Salmonellae are among the most common bacterial
foodborne pathogens worldwide and the second most
commonly reported zoonotic agent in the European
Union (EU), with notification rates of 20.1 cases per
100,000 population in 2018 [1]. Salmonellae caused 31%
of all food- and water-borne outbreaks in the EU in
2018 [1]. In the Czech Republic (CZ), Salmonella was
the leading causative agent of acute gastroenteritis until
2006. Since 2007, it has been the second most common
after campylobacteriosis [2].

Salmonella spp. are Gram-negative bacteria belonging
to the Enterobacteriaceae family. Subspecies of species S.
enterica are subdivided into more than 2500 serovars,
many of which commonly colonize animals and infect
humans [3, 4]. Different Salmonella serovars are also
categorised as typhoidal (S. Typhi and S. Paratyphi) and
non-typhoidal (e.g. S. Enteritidis, S. Typhimurium, and
S. Infantis), based on causative agent and clinical symp-
toms [3]. In our study, we only consider non-typhoidal
human salmonellosis as this is the most burdensome
class of Salmonella infections in humans within devel-
oped countries.

Salmonella usually causes gastroenteritis in humans.
Systemic infections are rare [3]. Incubation periods of
Salmonella range from 6 to 72 h (most usually 12—-36 h)
[5]. Salmonella bacteria tolerate various environmental
conditions. They can grow at temperatures ranging from
8 to 45°C and in pH range 4.0-9.0 [6]. The bacteria can
persist for a long time in feed mill environments [7].

It is estimated that 86% of human Salmonella infec-
tions are of foodborne origin [8]. Mass production and
distribution of food disseminates pathogens rapidly [8].
The foods most commonly associated with strong-
evidence salmonellosis outbreaks in Europe are eggs,
bakery products, mixed food, pig meat and products
thereof, and poultry meat, followed by other food vehi-
cles including vegetables and fruits [1]. In food, the high-
est levels of Salmonella-positive samples have occurred
in poultry meat and other minced meat intended to be
cooked before consumption [1]. Cross-contamination
may of course also occur. The most important source of
human salmonellosis at the EU level during 2007-2009
was estimated to be the laying hen reservoir (i.e. eggs),
followed by pigs [9].

Several possibilities exist for controlling Salmonella in
animals. Effort to reduce Salmonella in poultry is coor-
dinated through EU control programmes. The basic law
on the control of Salmonella and other specific food-
borne zoonotic agents is Regulation (EC) No 2160/2003.
Monitoring of Salmonella spp. along the food chain is
conducted in accordance with Regulation (EC) No 2073/
2005, which lays down food safety and process hygiene
criteria [1]. Implementation of the general and specific
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hygiene measures is based on Regulation (EC) No 852/
2002 [1]. In the CZ, the new veterinary strategies for
reduction and control of Salmonella in poultry in ac-
cordance with EU legislation were officially implemented
in January 2008 (although some of these had been
started 1year earlier). These new programmes for
Salmonella reduction are conducted by the Czech State
Veterinary Administration, a public administrative body
under the Ministry of Agriculture, and are mainly based
on principles of good husbandry, implementing consist-
ent sanitation and zoohygienic measures, and ensuring
the provision of healthy feed and water. The pro-
grammes are aimed at reducing the prevalence of
Salmonella in poultry and the environment and its
transmission to humans via contaminated food. Four
categories of poultry are monitored, including breeding
stock imported from abroad and animals being produced
for transport abroad. Details of the national programmes
are available from the State Veterinary Administration
[10]. Mandatory vaccination is another tool for control-
ling the occurrence of Salmonella in poultry.

Pork is also an important source causing human
salmonellosis. Eradicating Salmonella from pig farms
can be both difficult and costly [11]. Regulation (EC)
No. 218/2014 requires that competent authorities evalu-
ate the implementation of slaughterhouse operators’
own checks for presence of Salmonella in pig carcasses
at slaughterhouses [1]. Other than as described above,
data of food, animals, and feedstuffs are not collected in
a harmonised manner, although these do still need to be
monitored in accordance with Directive 2003/99/EC on
the monitoring of zoonoses [1]. Preventive actions,
including testing for Salmonella, are mainly directed to
avoiding contamination at feed mills and on farms.
Along with technical and hygienic measures, vaccination
is another possibility to prevent Salmonella colonization
in swine herds [12].

Higher air temperatures may lead to increased food-
borne illness. Within the range 7.5-37°C, Salmonella
spp. multiply in food in direct proportion to changing
temperature [13]. In the absence of any control mea-
sures, therefore, increased air temperatures may acceler-
ate bacterial reproduction at various points along the
food chain, thus making the consequences of subsequent
ingestion more severe. Air temperature may also influ-
ence people’s behaviour in ways that affect the chances
for foodborne illness to occur (such as to prompt buying
of ready-to-eat food or barbecuing in warmer weather)
[13]. Increased outdoor recreational activity may also
increase the likelihood that people will be exposed to
environmental sources of Salmonella [13]. Many studies
have demonstrated positive associations between
temperature and foodborne illness in a variety of geo-
graphical settings [13—16]. Linear associations have been
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noted between temperature and notifications of salmon-
ellosis in European countries and Australia [17].

The aim of our study was to analyse the influence of
air temperature and implemented veterinary measures
on salmonellosis incidence in the CZ.

Methods

Non-typhoidal salmonellosis is a mandatorily notifiable
disease in the CZ and the reporting covers the whole
population. The regional public health authorities there-
fore notify case-based data and related metadata of sal-
monellosis into the national surveillance system for
infectious diseases (EpiDat) that is administered by the
National Institute of Public Health. EpiDat contains all
notified probable and confirmed cases that meet the case
definition in accordance with Commission Implement-
ing Decision (EU) No 2119/98/EC (of 19 March 2002).
Specifically, any person meeting the clinical criteria with
an epidemiological link is reported as a probable case
and any person meeting the clinical and laboratory cri-
teria is reported as a confirmed case. We analysed data
on sporadic cases and household outbreaks of human
non-typhoidal salmonellosis. Epidemics in the CZ are
determined by the local health authorities conducting
epidemiological investigation in the field while consider-
ing number of cases, mode of transmission, and com-
mon vehicle or source. Cases designated as epidemic
were excluded due to their different characteristics and
pattern of spreading. We analysed monthly case counts
(by date of onset) notified during the period 1998-2017.
Monthly mean air temperatures across the territory of
CZ were provided by the Czech Hydrometeorological
Institute [18]. Data on population were obtained from
the Czech Statistical Office [19]. For descriptive pur-
poses, data from two nine-year periods (1998-2006,
2009-2017) were compared while years 2007-2008,
when the measures started and were implemented, were
excluded from the comparison.

The association between disease incidence and a set of
explanatory variables (year, month, and temperature)
was studied using a generalized additive model (GAM)
[20] on data from the entire twenty-year period. Because
the incidence is characterized by counts overdispersed
relative to the Poisson distribution, a semiparametric
negative-binomial GAM was used with smooth and po-
tentially non-linear effects of annual trend, within-year
seasonality, and monthly mean air temperature. The
model fitting was based on the penalized likelihood and
performed in R, version 3.4.3 [21] using the mgcv pack-
age. The final model was selected with the aid of the
Akaike information criterion. All tests were evaluated at
the 5% significance level.

The final model is specified as follows:
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N ~ NB(y,, 0)
and

10g Uy = /3)() + SYear(yt) ~+ SSeason (mt) + STemp(Tt)a

where:

t is index of the month,

N, is the number of salmonellosis cases in month ¢,

Y, is the negative binomial intensity of salmonellosis
occurrence,

6 is a parameter for
Var (i) =, + 17 /6,

fo is the intercept term corresponding to the baseline
level,

Syear s smooth marginal effect of the trend over years
estimated as thin-plate spline,

Sseason 18 smooth effect of seasonality (in monthly reso-
lution) estimated as cyclic cubic regression spline, and

STemp is smooth marginal effect of temperature esti-
mated as thin-plate spline.

Smooth components are presented along with 95%
pointwise confidence intervals.

overdispersion, where

Results

In total, 440,470 salmonellosis cases were reported in
the CZ during the study period. After excluding 29,937
(6.8%) epidemic cases, the remaining 410,533 sporadic
and family outbreak salmonellosis cases were analysed.
Of these cases, 228,249 (55.6%) occurred among children
and adolescents up to 19 years of age. The sample com-
prised 196,780 (47.9%) males and 213,753 (52.1%)
females.

For a basic assessment of the conditions before and
after the implementation of veterinary measures, the
following analysis compared two nine-year periods,
excluding the transitional period 2007-2008. In the first
studied time period (1998-2006), we analysed 288,746
cases: 139,034 males (48.2%) and 149,712 females
(51.8%), mean age 23.4vyears. In the second period
(2009-2017), we analysed 93,826 cases: 44,596 males
(47.5%) and 49,230 females (52.5%), mean age 24.4 years.
This means that the annual average number of
salmonellosis cases occurring after introduction of the
veterinary measures was only 32.5% of that observed in
the previous period. The two studied periods did not dif-
fer in the proportions of cases in individual age groups.
The mean annual incidence of salmonellosis was 313.0/
100,000 inhabitants before and 99.0/100,000 inhabitants
after implementation of the veterinary measures.

Overall trends were analysed in the entire data set. As
clearly visible in Fig. 1, there was a substantial decrease
in the number of cases during 2007-2008. All predictors
included in the GAM model are statistically significant
( <0.001). The adjusted R? (coefficient of
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Fig. 1 Absolute numbers of salmonellosis cases and mean air temperature, by month, Czech Republic, 1998-2017

determination) of 96.2% that was calculated indicates
that the model explains a substantial part of the data
variability. A detailed look at the output of the GAM
model shows that the course of incidence over time is
non-linear. After a slight decline at the beginning of the
study period, the sharpest decline occurred in 2006—

2009. This was followed by a slight increase and
stabilization at a level that is substantially lower com-
pared to the levels observed before imposition of the
measures (Fig. 2). The seasonal component (Fig. 3)
shows a clear within-year trend with a minimum in Feb-
ruary and March and a maximum in August and
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Fig. 2 Annual component of the model with 95% pointwise confidence interval
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Month

September. The dependence of disease incidence on
temperature is depicted by an S-shaped curve. Figure 4
shows that the relationship is almost linear in the
temperature range 0-15°C within which the vast ma-
jority of data falls, as indicated by the distribution
marks on the x-axis in the form of a rug plot. At
mean monthly temperature extremes, the curve ap-
proaches the asymptotes. On average, the data indi-
cate that within the aforementioned temperature
range every 1°C increase in monthly air temperature
contributed to a significant 6.2% increase in salmonel-
losis cases.

Discussion

Salmonellosis has been a mandatorily notifiable disease
in the CZ since 1951. Its incidence slowly increased in
the country until the 1980s. Thereafter, a sharp increase
in salmonellosis incidence was observed until 1995, con-
sistent with a similar rise in other European countries
[22, 23]. The most probable causes of this sharp rise
were an increase in pathogen invasiveness and the ap-
pearance of new phagotypes of Salmonella Enteritidis in
the factory-style farming within the European poultry
sector [24]. After 1995, salmonellosis cases in the CZ de-
clined slowly and with certain deviations until 2005.
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Thereafter, in accordance with international strategies
for reducing Salmonella in poultry that were imple-
mented in the CZ between 2007 and 2008, we observed
a sharp decline of salmonellosis until 2010. As the
decline was already apparent before the measures
entered into force, it is clear that the poultry producing
companies had been preparing for them in advance.
Sporadic cases of salmonellosis in the CZ during 2009—
2017 averaged 99.0/100,000 inhabitants per year, while
the total incidence of salmonellosis (including epidemic
cases) was 103.9/100,000 per year. The present-day
reduced incidence of human salmonellosis cases in the
CZ is notably the result of consistent Salmonella control
in the country. Nevertheless, salmonellosis cases
reported in the CZ are still five times higher than the
EU average. The average EU notification rate was 20.1
cases per 100,000 population in 2018 while in the CZ it
was 102.7/100,000 population [1]. Notification rates in
neighbouring Slovakia (124.8/100,000 population) are
even higher compared to those in the CZ, and the lowest
rates are being reported by Cyprus, Greece, Italy and
Portugal (< 6.0/100,000 population) [1]. It is not clear
whether intercountry variation in reported incidence of
salmonellosis is due to (a) different levels of true mor-
bidity, (b) different methods of detection and reporting,
or (c) a combination of the two.

Confirming the findings of previous studies [13, 15, 25—
27], substantial positive association was found between air
temperature and non-typhoidal Salmonella infections in
the CZ during 1998-2017. Our calculations put this in-
crease at 6.2% more salmonellosis cases per 1 °C rise within
the monthly mean temperature range of 0—15 °C. This find-
ing is underscored by the facts that, during the latter period
of the analysed time span, the highest number of salmonel-
losis cases in summer was reported in 2015, which had the
hottest summer (July—August) ever recorded, whereas the
lowest number of cases in summer was reported in the
coolest summer of 2011. It is known that higher tempera-
tures enable quicker replication of Salmonella which is able
to multiply at ambient temperatures with generation time
as low as 20 min [28, 29]. Heat stress can induce enteritis in
chickens with Salmonella present in their guts and its
spread to other organs [28, 30]. The potential risk arises
through cross-contamination by food-handling with human
cases appearing after consummation of contaminated meat
[30]. It is therefore likely that with rising temperatures the
risk of salmonellosis occurrence in humans will be increas-
ing and hence also will the importance of preventive
measures.

Preventive veterinary and food safety measures are the
most effective way to protect the public against the dis-
ease. EU-coordinated control programmes in poultry for
combatting Salmonella’s spread through food consump-
tion have constituted a major success story in the EU.
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To be most effective, efforts to reduce transmission of
Salmonellae via food and other routes should be imple-
mented on a comprehensive scale [8].

Limitations of the study
We did not consider incubation period of the disease
in this analysis. Inasmuch as we analysed the monthly
counts of cases by date of disease onset in relation to
the monthly means of air temperature, we did not
consider the incubation period of non-typhoidal
Salmonella (6-72h, usually 12-36h) to be a relevant
factor for the analysis. This might very well be rele-
vant in studies where weekly temperature or data for
even shorter time periods (days) would be analysed.
Underreporting may generally result in underestima-
tion of the true disease burden, and that applies also for
the CZ. The Czech national reporting system has been
well established already since the 1950s, and therefore
we do not expect that substantial changes in underre-
porting rate during the study period would have biased
the results. We assume that for analysing association be-
tween the disease incidence and air temperature, as well
as in relation to the implemented veterinary measures,
the precise number of cases is not the most relevant fac-
tor. More important are the actual trends. Nonetheless,
slight demographic changes in the Czech population and
food consumption patterns during the study period
might be a limitation, as we did not control for these
potential biases.

Conclusions

Statistical analysis based on the GAM model showed sig-
nificant non-linear effects of annual trend, within-year
seasonality, and air temperature on the incidence of
non-typhoidal Salmonella infections in the CZ during
1998-2017. The highest incidence corresponds to the
highest mean temperatures above 15°C. Our study also
demonstrates significant direct effect of preventive veter-
inary measures taken in relation to poultry in reducing
human salmonellosis in the CZ. The importance of these
measures is likely to grow with increasing air tempera-
tures. The annual average number of salmonellosis cases
occurring after introduction of the veterinary measures
was only about one-third of that observed in the previ-
ous period.
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