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Abstract: During the four pandemic waves, a total of 560,504 cases and 10,178 deaths due to COVID-
19 were reported in Croatia. The Alpha variant, dominant from March 2021 (>50% of positive sam-
ples), was rapidly replaced by Delta variants (>90%) by August 2021. Several seroprevalence studies
were conducted in different populations (general population, children/adolescents, professional
athletes, healthcare workers, veterinarians) and in immunocompromised patients (hemodialysis
patients, liver/kidney transplant recipients). After the first pandemic wave, seroprevalence rates
of neutralizing (NT) antibodies were reported to be 0.2–5.5%. Significantly higher seropositivity
was detected during/after the second wave, 2.6–18.7%. Two studies conducted in pet animals
(February-June 2020/July–December 2020) reported SARS-CoV-2 NT antibodies in 0.76% of cats and
0.31–14.69% of dogs, respectively. SARS-CoV-2 NT antibodies were not detected in wildlife. Environ-
mental samples taken in the households of COVID-19 patients showed high-touch personal objects
as most frequently contaminated (17.3%), followed by surfaces in patients’ rooms (14.6%), kitchens
(13.3%) and bathrooms (8.3%). SARS-CoV-2 RNA was also detected in 96.8% affluent water samples,
while all effluent water samples tested negative. Detection of SARS-CoV-2 in humans, animals and
the environment suggests that the ‘One Health’ approach is critical to controlling COVID-19 and
future pandemics.
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1. Introduction

The ongoing global epidemic caused by severe respiratory syndrome coronavirus 2
(SARS-CoV-2) demonstrated the vulnerability of both humans and animals to the threat
posed by coronaviruses. At the end of 2019, numerous cases of uncommon viral pneumonia
started to emerge in Wuhan City, China [1]. Due to its efficient transmissibility, the spread
of the novel virus resulted in outbreaks of identical cases across China. Tentatively, it was
referred to as new coronavirus 2019 (2019-nCoV) and, at the beginning of February 2020,
was renamed SARS-CoV-2; the consequent disease was named coronavirus disease 2019
(COVID-19) [2]. The continuous worldwide spread initiated World Health Organization
to declare COVID-19 a pandemic in March 2020 [3]. Modes of transmission of this newly
emerged virus are still being studied. Like some other coronaviruses, SARS-CoV-2 is
mainly transmitted through respiratory and airborne pathways; however, other modes
of transmission were also reported [4]. It is assumed that the origin of SARS-CoV-2 is
similar to SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV),
which had bat species as natural hosts and gained access to the human population through
the intermediate animal host [5–7]. The zoonotic potential adds another dimension in
understanding the epidemiology of coronaviruses and successful surveillance. It is now
known that SARS-CoV-2 can infect several wild and domestic animals [8–10]. However,
the role of animals in the epidemiology of COVID-19 and the influence of SARS-CoV-2 on
animal health have not been fully understood.

This article aims to sum up the data on various aspects of SARS-CoV-2 epidemiology
in Croatia. It brings together studies on the SARS-CoV-2 prevalence and molecular epi-
demiology in the human population, wild/domestic animals and the environment (‘One
Health’ concept).

2. COVID-19 in Humans

The first case of COVID-19 in Croatia was reported on 25 February 2020 in a traveler
returning from Milan, Italy. So far, 560,504 of cases and 10,178 deaths due to COVID-19
have been reported during the four pandemic waves (Figure 1) [11].
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Figure 1. COVID-19 pandemic waves in Croatia (weekly detected SARS-CoV-2 cases, February 2020–November 2021).

Several seroepidemiological studies were conducted in different exposed and non-
exposed population groups during/after the first and second pandemic waves (Table 1).
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Table 1. Seroprevalence of SARS-CoV-2 in different population groups in Croatia.

Population Group Sampling Time N Tested
SARS-CoV-2 IgG ELISA SARS-CoV-2 VNT

Reference
N (%) 95% CI N (%) 95% CI

First pandemic wave

Industry workers April 2020 1494 19 (1.27) * 0.77–1.98 NT NT [12]
Healthcare workers April–May 2020 592 16 (2.7) 1.5–4.3 9 (1.5) 0.7–2.9 [13]

Children and adolescents May 2020 240 9 (3.9) 1.7–7.0 7 (2.9) 1.2–5.9 [14]
Hemodialysis patients May 2020 136 9 (6.6) 3.1–12.1 0 (0) 0–2.7 ** [15]
Veterinary personnel May 2020 122 6 (4.9) 1.8–10.4 0 (0) 0–2.9 ** [15,16]
Construction workers May–June 2020 135 4 (2.9) 0.8–7.4 3 (2.2) 0.4–6.4 [15]

General population May–July 2020 1088 24 (2.2) 1.4–3.2 2 (0.2) 0.02–0.7 [17]
Professional athletes June 2020 90 10 (11.1) 5.5–19.5 5 (5.5) 1.8–12.5 [15]

Second pandemic wave

Liver transplant recipients September–November 2020 280 59 (21.1) 16.4–26.3 10 (3.6) 1.7–6.5 [18]
Kidney transplant

recipients September–November 2020 232 44 (19.0) 14.1–24.6 6 (2.6) 0.9–5.5 [18]

Children and adolescents October–November 2020 308 27 (8.8) 5.0–12.5 26 (8.4) 5.6–12.1 [14]

General population December
2020–February 2021 1436 360 (25.1) 22.8–27.4 268 (18.7) 16.7–20.8 [17]

Veterinary personnel March 2021 121 22 (18.2) 11.8–26.2 11 (9.1) 4.6–15.7 [15,16]

IgG = immunoglobulin G; ELISA = enzyme-linked immunosorbent assay; VNT = virus neutralization test; CI = confidence intervals;
* Immunochromatography test (ICT); NT = not tested; ** one-sided 97.5% CI.

A study conducted in the Croatian general population showed a significant difference
in the seroprevalence of SARS-CoV-2 after the first (May–July 2020) and second (December
2020–February 2021) pandemic waves. The overall prevalence of binding antibodies
(ELISA) and neutralizing (NT) antibodies (VNT) after the first wave was lower (ELISA
2.2%, VNT 0.2%) compared to the second wave (ELISA 25.1%, VNT 18.7%). Seropositive
individuals were detected in all age groups. SARS-CoV-2 NT antibody titers during/after
the second wave seemed to be age-related with the highest NT activity in children under
10 years and individuals above 50 years. Some studies have shown that SARS-CoV-2 NT
antibody responses are more robust in patients with severe disease [19]; therefore, higher
NT antibody titers in the elderly could be explained by more severe symptoms in this
population group. A possible explanation for higher antibody levels in children could be
cross-immunization by previous exposures to seasonal coronaviruses, since epitopes for
T and B cells were found to be conserved among SARS-CoV-2, HCoV-OC43 and HKU1,
which also contribute to children’s relative protection from SARS-CoV-2 infection [20].

Children and adolescents were tested at three time points: May 2020 (first wave),
October–November 2020 (peak of the second wave) and December 2020–February 2021
(end of the second wave). The VNT seroprevalence rate in the pediatric population differed
with 2.9%, 8.4% and 19.0% seropositive participants [14,17]. While there was no difference
in the seropositivity after the first wave, this population group showed a lower prevalence
rate compared to the general adult population after the second wave [17]. It is worth noting
that public health measures were less restrictive at the beginning of the second wave in
Croatia, with children returning back to schools; the lower odds for seropositivity can be
attributed to the lower susceptibility of children to SARS-CoV-2 infection, as previously
suggested [21]. Comparison of the seroprevalence in children/adolescents and the general
population during the first wave further supported the age-dependent difference in the
VNT seropositivity. Although there was no difference in the ELISA positivity (3.9% vs.
2.2%), it was confirmed that younger individuals developed measurable NT antibodies
more often (2.9% vs. 0.2%; Table 1).

While there was a significant difference in the prevalence of binding antibodies be-
tween inhabitants of continental and coastal counties (26.8% and 21.9%, respectively), the
prevalence of NT antibodies did not differ significantly among regions (19.8% and 16.6%,
respectively) [17].

Sporting events can present a risk during the COVID-19 pandemic, since social distanc-
ing in this context is not always possible [22]. During the first pandemic wave (June 2020),
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professional athletes had significantly higher seroprevalence than the general population
tested at the same period (ELISA 11.1% vs. 2.2%; VNT 5.5% vs. 0.2%). Even though social
distancing and travel bans were in place in Croatia, international travel is an essential part
of a competition for many athletes, placing these groups at risk of COVID-19. More than
half of participants (51.1%) reported traveling abroad (Europe 36.7%; Europe/Australia
5.6%; the USA 4.4%; Asia 2.2%; and Africa 2.2%) and 18.9% reported COVID-19 related
symptoms in the past six months. Risk analysis showed that professional athletes were
5.54 times more likely to test positive by ELISA and 31.94 times more likely to test positive
by VNT than the general population (Table 2).

Table 2. Risk analysis for SARS-CoV-2 seropositivity.

Population Group
SARS-CoV-2 IgG ELISA SARS-CoV-2 VNT

OR 95% CI OR p OR 95% CI OR p

First pandemic wave

General population Ref. Ref.
Industry workers * 0.57 0.31–1.05 0.07 NA NA NA
Healthcare workers 1.23 0.65–2.34 0.52 8.38 1.8–38.20 0.002

Children and adolescents 1.73 0.79–3.76 0.16 16.31 3.37–79.30 <0.001
Hemodialysis patients 3.14 1.43–6.91 0.007 1.59 0.08–33.33 1.00
Veterinary personnel 2.29 0.92–5.72 0.11 1.77 0.08–37.16 1.00
Construction workers 1.35 0.46–3.96 0.54 12.34 2.04–74.53 0.01
Professional athletes 5.54 2.56–11.99 <0.001 31.94 6.11–167.09 <0.001

Second pandemic wave

General population Ref. Ref.
Liver transplant recipients 0.80 0.58–1.09 0.15 0.16 0.08–0.31 <0.001

Kidney transplant recipients 0.70 0.49–0.99 0.04 0.12 0.05–0.26 <0.001
Children and adolescents 0.29 0.19–0.43 <0.001 0.40 0.16–0.61 <0.001

Veterinary personnel 0.66 0.41–1.07 0.09 0.44 0.23–0.82 0.008

IgG = immunoglobulin G; ELISA = enzyme-linked immunosorbent assay; VNT = virus neutralization test; OR = odds ratio; * Immunochro-
matography test (ICT); CI = confidence intervals.

Several studies showed that a large number of outbreaks and a high incidence rate
of outbreak-associated COVID-19 cases occurred in manufacturing [23,24]. In April 2020,
factory employees (DIV company specialized in the production and trade of screws and
other mechanical parts, metal products and shipbuilding) from two Croatian coastal
counties were screened for SARS-CoV-2 IgG antibodies. Using the immunochromatography
test, 1.27% of participants were seropositive [12]. Compared to the general population,
there was no evidence of increased viral exposure in the manufacturing sector (Table 2),
probably due to the hard lockdown measures.

Aside from manufacturing, construction was a common sector for workplace out-
breaks in other countries [25]. In May 2020, a group of construction workers was tested for
SARS-CoV-2 antibodies. On 22 March 2020, during the COVID-19 epidemic, an earthquake
of magnitude 5.3 hit Zagreb, the capital of Croatia, causing many buildings to be extensively
damaged or out of use. In total, 135 volunteer construction workers working on damaged
buildings in Zagreb and its surroundings were studied. Although they were at risk of
COVID-19 since they worked directly with the people after social distancing regulations to
prevent the spread of coronavirus had been put in place, a low overall seroprevalence rate
(2.9% ELISA-positive, 2.2% VNT-positive) indicated that the spread of the epidemic did
not accelerate after the earthquake [15]. However, risk analysis suggested that construction
workers were 12.34 times more likely to test VNT-positive, suggesting increased exposure
to SARS-CoV-2 (Table 2).

During April and May 2020, 592 serum samples from healthcare workers (HCWs) and
allied/auxiliary HCWs were tested for the presence of SARS-CoV-2 antibodies. Convenient
samples were collected from six continental and coastal counties with a high incidence of
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COVID-19. Using ELISA, SARS-CoV-2 IgG antibodies were detected in 2.7% of participants,
while NT antibodies were detected in 1.5%. Seven seropositive individuals were healthcare
professionals, while two were administrative workers. All but one HCWs worked in the
infectious disease department [13]. ELISA seropositivity rate was not higher than in the
general population (2.9% vs. 2.2%), but NT antibodies were recorded more frequently (1.5%
vs. 0.2%), indicating a higher risk of infection due to frequent exposure to SARS-CoV-2.

Owing to the hypothesized zoonotic origin of SARS-CoV-2, in May 2020, 122 serum
samples from employees of the Faculty of Veterinary Medicine University of Zagreb were
collected. Using ELISA, 5.19% of administrative, basic and pre-clinical sciences department
personnel and 5.13% of animal health service providers and laboratory personnel tested
SARS-CoV-2 IgG positive. However, NT antibodies were not detected in tested samples [16].
There was no difference in the ELISA positivity rate between groups, suggesting that pet
animals had no significant role in spreading infection. In March 2021, second testing was
performed, which included 121 veterinary personnel. Seroprevalence was significantly
higher compared to the first sampling. Seropositivity was 18.2% using ELISA, while 9.1%
had SARS-CoV-2 NT antibodies [15]. The higher seroprevalence in veterinarians (ELISA)
compared to the Croatian general population (4.9% vs. 2.2%) during the first wave may
have been the result of veterinary practice, which implies numerous close contacts with
animal owners (e.g., stepping in to help restrain an animal). However, there was no
difference in the prevalence of NT antibodies. On the other hand, lower VNT seropositivity
(9.1% vs. 18.7%) during the second wave may be due to a smaller sample size or more
efficient SARS-CoV-2 spread in the general population during the pandemic.

Whether solid organ transplant recipients (SOTRs) are at increased risk for severe
COVID-19 compared with the general population is controversial [26]. From September to
November 2020 (beginning of the second wave), a cross-sectional screening for COVID-19
among 512 adult outpatient liver and kidney transplant recipients was performed. The
transplanted cohort’s seroprevalence was 20.1% by ELISA and 3.1% by VNT. NT antibodies
were detected in 15.6% of anti-SARS-CoV-2 ELISA IgG-positive SOTRs. Overall VNT posi-
tivity rates were higher in patients who reported participation in large community events
(5.9% vs. 1.1%; p = 0.027), while no significant difference was detected in the seroprevalence
rate regarding received blood products (3.0% vs. 1.6%; p = 0.553) and travelling habits (5.3%
vs. 1.1%; p = 0.085). In addition, symptomatic VNT-positive patients showed significantly
higher NT antibody titers (median 128, IQR = 32–128) compared to asymptomatic patients
(median 16, IQR = 16–48) [18]. Compared to the general population tested after the first
wave, the prevalence of NT antibodies was slightly higher in SOTRs (3.1% vs. 2.2%),
demonstrating the development of protective immunity despite impaired immunological
status. However, it is important to note that ELISA-positive liver transplant recipients were
4.39 (95% CI OR = 2.21–8.74, p < 0.001) times less likely and kidney transplant recipients
were 5.46 (95% CI OR = 2.29–13.0, p < 0.001) less likely to test VNT-positive compared to
the general population.

In conclusion, serologic surveys showed that the SARS-CoV-2 seroprevalence dif-
fered according to the sampling time and population groups. Temporal trends in the
seroprevalence followed the COVID-19 pandemic waves in Croatia.

3. COVID-19 in Pet Animals

The first large-scale serosurvey of SARS-CoV-2 in dogs and cats from two regions (Za-
greb and Split) in Croatia was conducted from February to June 2020. Zagreb (continental
region) and Split (coastal region) were selected as the two cities with the highest number of
human COVID-19 cases during the first pandemic wave in Croatia. The first dog and cat
serum samples with positive VNT were collected in April in Zagreb, a few weeks after the
first COVID-19 human case in the same area. Even though the number of samples with NT
antibodies was low, it is worth mentioning that the difference in the prevalence in dogs
(0.31%) and cats (0.76%) was not statistically significant. In the study, 172 dog samples
were also tested using ELISA. The seroprevalence of SARS-CoV-2 among dogs at the end of
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the first wave was 7.56%, with the highest number of positive samples collected six weeks
after the peak in the number of human cases [16].

The second study, conducted from July to December 2020, followed the seropreva-
lence of SARS-CoV-2 infection in two dog populations during most of the second wave
in Zagreb. The first group included dogs that shared households with confirmed human
COVID-19 cases (N = 78). The general population was represented by dogs admitted to
the Veterinary Teaching Hospital (Faculty of Veterinary Medicine, University of Zagreb)
for any given reason (N = 1069). In COVID-19-infected households, 43.9% of dogs tested
ELISA-positive and 25.64% had detectable NT antibodies, values comparable with sec-
ondary attack rate in humans [27]. In the general population, the ELISA-positive rate was
14.69%. The ELISA-positive rates varied significantly, with the lowest seroprevalence in
July (7.14%, 95% CI = 3.32–13.13) and highest in September (19.74%, 95% CI = 14.83–25.44).
NT antibodies were detected in 2.2% of dogs, with 69.56% of samples collected in December,
suggesting that most of the animals were exposed at the end of the study period since it
was in the midst of the second wave.

More serologically positive dogs made it possible to determine the risk factors for
SARS-CoV-2 infection in dogs. Sex, breed and age were identified as significant risk factors
for SARS-CoV-2 seroconversion. Male dogs were at increased risk of contracting the infec-
tion. In contrast, dogs under one year of age seemed to be less susceptible to SARS-CoV-2
infection [19]. In men, initial studies of human infections showed higher COVID-19 suscep-
tibility, severity and fatality [28,29]. On the other hand, children and adolescents seem to
be at a lower risk of contracting the infection [30]. Biological, psychological, behavioral and
social factors may put specific gender or age groups at disproportionate risk of infection in
the human population [31]. Since there is no evidence of SARS-CoV-2 infection indepen-
dently spreading in the dog population, sex- and age-dependent difference in susceptibility
to SARS-CoV-2 infection in both species seem to result from the intrinsic biological factors
described for other diseases [32–36].

In addition, cat serum samples were collected in the Veterinary Teaching Hospital
during December 2020, the same period when dog and human serum samples were
collected in the two previously mentioned studies [16,27]. As determined by ELISA, there
was no significant difference in seroprevalence in the human, dog and cat population in
Zagreb during the second wave (Table 3). It is clear that, as in dogs, SARS-CoV-2 infection
was widespread in the cat population and comparable to the seroprevalence in humans.

Table 3. Seroprevalence of SARS-CoV-2 in humans and pet animals in Zagreb, December 2020.

Sample Origin
SARS-CoV-2 IgG ELISA

OR 95% CI OR p
N Tested N Positive (%) 95% CI

Human 458 94 (20.5) 16.92–24.52 Ref. – –
Dog 167 31 (18.6) 12.97–25.30 0.88 0.56–1.39 0.59
Cat 29 4 (13.8) 3.89–31.66 0.62 0.21–1.82 0.38

IgG = immunoglobulin G; ELISA = enzyme-linked immunosorbent assay; CI = confidence intervals;
OR = odds ratio.

4. COVID-19 in Wildlife

One published study analyzed the prevalence of COVID-19 in wildlife. From June
2020 to February 2021, blood, muscle extract and fecal samples of free-living wild boars
(Sus scrofa), red foxes (Vulpes vulpes) and jackals (Canis aureus), and blood and cloacal
swabs of yellow-legged gulls (Larus michahellis) were tested for SARS-CoV-2 (Table 4). The
study also included fecal samples from zoo animals. Although some blood samples and
muscle extracts gave positive ELISA results, all tested negative by surrogate VNT. The
same was true for the RT-PCR results, and none of the fecal samples tested positive, giving
no evidence of spillover of SARS-CoV-2 to free-living or captive wild animals [37].



Viruses 2021, 13, 2354 7 of 12

Table 4. Seroprevalence of SARS-CoV-2 in free-living wild animals.

Animal Species Sampling Time N Tested
SARS-CoV-2 IgG ELISA SARS-CoV-2 sVNT SARS-CoV-2

RT-PCR

N (%) 95% CI N (%) 95% CI N (%)

Yellow-legged gulls
(Larus michahellis) November 2020 111 0 (0) 0–3.3 * 0 (0) 0–3.3 * 0 (0)

Wild boars (Sus scrofa) June–December 2020 153 6 (3.9) 1.5–8.3% 0 (0) 0–2.4 * 0 (0)
Red foxes

(Vulpes vulpes) June–November 2020 204 6 (2.9) 1.0–6.2 0 (0) 0–1.8 * 0 (0)

Jackals (Canis
aureus moreoticus) June–October 2020 65 3 (4.6) 0.9–12.9 0 (0) 0–5.5 * 0 (0)

IgG = Immunoglobulin G; ELISA = enzyme-linked immunosorbent assay; sVNT = surrogate virus neutralization test; RT-PCR = reverse
transcriptase-polymerase chain reaction; * one-sided 97.5% confidence interval.

5. SARS-CoV-2 in the Environment
5.1. SARS-CoV-2 in Households with COVID-19 Cases

The transmission of SARS-CoV-2 from contaminated surfaces or fomites has been a
concern during the COVID-19 pandemic. Households have been important sites of SARS-
CoV-2 transmission due to prolonged contact with an infected person and environmental
contamination in these settings [38].

To analyze the extent of the environmental contamination with SARS-CoV-2, during
the first wave of the COVID-19 pandemic in Croatia (April–September 2020), environmental
samples were tested for the presence of SARS-CoV-2 using qRT-PCR. One hundred and
seventy-one environmental samples were taken from the environment of patients with
confirmed COVID-19 in 15 non-healthcare settings (Table 5). The sampling sites were:
telephone/cellular phone, keyboard, light switch, thermometer, TV remote, door handle,
pillowcase, toilet seat, fridge handle, etc. Sampling was performed before surface cleaning.
Between 8 and 15 samples were collected from each setting, with a mean of 11.4 per
location. Surface samples were taken in the interval between the 1st and 19th day of a
patient’s positive test (positive SARS-CoV-2 RT-PCR test, but no data for patient cycle
threshold; Ct value). SARS-CoV-2 RNA detection rates varied from 0% to 37.5%. Most
of the Ct values were ≥30 (30–39), which assumes a low viral load. The investigation
confirmed that 9/15 (60.0%) of the tested locations were contaminated with SARS-CoV-2,
with one or more positive samples per location. Twenty-three individual sites had positive
detection of SARS-CoV-2 RNA (13.5%) (Table 5). High-touch personal objects were most
frequently contaminated (17.3%; 95% CI = 8.2–30.3), followed by surfaces in patients’
rooms (14.6%; 95% CI = 5.6–29.2), kitchens (13.3%, 95% CI = 3.8–30.7) and bathrooms (8.3%,
95% CI = 2.3–19.9).

Although SARS-CoV-2 was detected on inanimate surfaces in households with COVID-
19 cases, the SARS-CoV-2 RNA quantification data (high Ct values) suggest that the risk of
SARS-CoV-2 infection via fomite transmission was low. Similar results were observed in
other studies [39].

5.2. SARS-CoV-2 in Wastewater

Wastewater-based epidemiology (WBE) is a tool to monitor the presence/circulation
of biological or chemical agents in a population [40,41]. The detection of SARS-CoV-2
in the urine and feces of patients with symptomatic and asymptomatic infection [42,43]
implies that the virus may be detected in the wastewater [44–46]. Several studies have
shown that SARS-CoV-2 RNA dynamics in raw wastewater coincide with the dynamics of
COVID-19 cases [45,47]. WBE can inform of the presence of the virus, viral dynamics and
the emergence of new viral variants [48]. Therefore, wastewater testing can be used as an
early warning tool for virus circulation in the population [44].
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Table 5. Detection of SARS-CoV-2 in the household settings of COVID-19 human cases.

Sampling
Location

High-Touch
Personal Objects 1 Room 2 Toilet/Bathroom 3 Kitchen 4 Total

N Positive/N N Positive/N N Positive/N N Positive/N N Positive/N % Positive 95% CI

1 0/3 0/5 0/3 - 0/11 0 0–28.4 *
2 0/2 1/1 1/4 1/4 3/11 27.2 6.0–60.1
3 0/3 0/3 0/5 0/3 0/14 0 0–25.2 *
4 1/3 1/4 0/2 0/2 2/11 18.2 2.3–51.8
5 2/4 2/4 0/3 0/1 4/12 33.3 9.9–65.1
6 0/6 0/3 0/5 - 0/14 0 0–23.2 *
7 0/4 0/3 1/3 0/1 1/11 9.1 2.3–49.3
8 0/2 2/2 0/1 1/3 3/8 37.5 8.5–75.5
9 0/2 0/4 0/2 0/1 0/9 0 0–33.6 *
10 3/5 0/1 0/2 1/3 4/11 36.4 10.9–69.2
11 0/5 0/3 0/1 - 0/9 0 0–33.6 *
12 0/4 0/2 0/3 0/3 0/12 0 0–26.5 *
13 0/3 0/4 0/5 1/2 1/14 0 0–33.9
14 1/2 0/1 0/3 0/3 1/9 1.1 2.8–48.2
15 2/4 0/1 2/6 0/4 4/15 26.7 7.8–55.1

Total 9/52 (17.3%) 6/41 (14.6%) 4/48 (8.3%) 4/30 (13.3%) 23/171 13.5 8.7–19.5
1 Telephone/cellular phone, keyboard, light switch, thermometer, TV remote, reading glasses, etc.; 2 Door handle, window handle, chair,
pillow, etc.; 3 Light switch, toilet seat, faucet, toilet brush etc.; 4 Locker, fridge handle, light switch, fridge handle, etc.; CI = confidence
intervals; * one-sided 97.5% CI.

As a part of the WHO project, from December 2020 to February 2021, a wastewater
SARS-CoV-2 monitoring was performed in Zagreb, two times per week at the location
Zagreb Wastewater Treatment Plant (WWTP). Sixty-two 24 h composite samples were
analyzed (31 of affluent and 31 of effluent) for SARS-CoV-2 RNA. The RT-PCR results
showed the presence of SARS-CoV-2 RNA in 30 affluent water samples (96.8%) that reached
the WWTP (Figure 2). The SARS-CoV-2 RNA load ranged from 9.7 × 1011–9.5 × 1012

copies/day (1–21 December 2020) to 1.9 × 1011–2.2 × 1012 copies/day (13 January–17
February 2021). All effluent water samples tested negative. During the same period, the
active number of reported COVID-19 cases in the city of Zagreb was decreasing, with the
highest number of active cases (N = 3731) observed on 6 December 2020 and the lowest
(N = 291) observed on 17 February 2021.
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The data obtained during SARS-CoV-2 monitoring in wastewater showed low virus
prevalence in wastewater. These results were in accordance with the epidemiological
situation in the first two weeks of February 2021.

6. SARS-CoV-2 Genetic Diversity in Croatia

SARS-CoV-2 is continuously evolving and adapting to the environment. Therefore,
new genetic variants have appeared throughout the pandemic. They are classified as
variants of interest (VoIs), concern (VoCs) and under monitoring. The most important VoCs
include B.1.351 (Beta), P.1 (Gamma) and the currently dominant B.1.617.2 (Delta), while the
circulation of B.1.1.7 variant (Alpha) has been drastically reduced. Genomic surveillance
of SARS-CoV-2 is essential to detect, monitor and assess virus variants that can increase
transmissibility and disease severity [49,50].

To monitor the prevalence and spread of VoCs, whole-genome sequencing (WGS) of
SARS-CoV-2 positive samples in Croatia was conducted weekly from February 2021. By
the 26 October 2021, 11,280 samples were processed and 8874 samples were successfully
sequenced. During the first and second epidemic waves, SARS-CoV-2 lineages from clades
G, GR and GV were dominant. A marked weekly increase in the Alpha variant from the
GRY clade indicated the beginning of the third epidemic wave in Croatia. The Alpha
variant was dominant from the beginning of March 2021 (>50% of positive samples). In
the first week of June 2021, the first Delta variants were detected, rapidly replacing Alpha
variants and reaching by the beginning of August 2021 more than 90% of all sequenced
samples (Figure 3). Beta and Gamma variants detected in a low number of samples were
closely related to traveling abroad and were not transmitted locally [51].
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7. Conclusions

The COVID-19 pandemic has reinforced the importance of an integrated ‘One Health’
approach for the surveillance of zoonotic diseases [52]. The seroprevalence rates were
significantly higher in all studied population groups after the second pandemic wave
in Croatia. Furthermore, population groups at higher risk of infection, risk factors and
epidemiology have changed in the second wave. It is still to be determined to what extent
these changes result from human activities or virus evolution, highlighting the need for
continuous SARS-CoV-2 surveillance in the future. This will enable the implementation of
the efficient measures to protect population groups at increased risk of infection, especially
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those particularly vulnerable to COVID-19. Environmental studies have proven to be
very useful as a surveillance tool. SARS-CoV-2 was detected on inanimate surfaces in
the households of COVID-19 patients; however, the viral load was low, indicating that
the environment does not seem to pose a high risk for SARS-CoV-2 transmission. The
SARS-CoV-2 RNA dynamics in the wastewater coincided with the dynamics of human
COVID-19 cases and can be used to estimate the number of infected people in some areas.
Finally, in addition to human cases, SARS-CoV-2 infections were confirmed in pet animals
in Croatia. High seroprevalence in companion animals that are in close contact with their
owners is another major difference in SARS-CoV-2 epidemiology compared to closely
related and, in many other senses, similar viruses, such as SARS-CoV and MERS-CoV. The
detection of SARS-CoV-2 in humans, animals and the environment suggests that the ‘One
Health’ approach is critical to controlling COVID-19 and future pandemics.

Author Contributions: Conceptualization, T.V.-C. and V.S.; methodology, T.V.-C., V.S., D.B.-G., I.F.,
M.U.-B. and I.T.; validation, D.B.-G. and I.F.; investigation, D.B.-G., M.U.-B., I.T., N.J.-H., I.P., M.A.,
B.B., A.M., M.G., L.Z., M.M.M., P.J. and L.B. (Lovro Bucic); writing—original draft preparation,
T.V.-C., V.S., D.B.-G., I.F. and T.F.; writing—review and editing, T.V.-C., V.S. and L.B. (Ljubo Barbic);
supervision, T.V.-C., V.S., B.K. and L.B. (Ljubo Barbic). All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported in part by the WHO project, No. 2020/1071308-0: “Detection
of SARS-CoV-2 in wastewater: an early warning system for COVID-19 in Croatia”.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Croatian Institute of Public
Health (protocol code 030-02/20-05/1, approved on 7 May 2020) and Faculty of Veterinary Medicine
University of Zagreb (protocol code 640-01/20-02/12, approved on 18 December 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors thank Ljiljana Milasincic, Ljiljana Antolasic, Snjezana Kovac and Alenka
Skrinjaric for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hu, B.; Guo, H.; Zhou, P.; Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141–154.

[CrossRef] [PubMed]
2. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The Species Severe Acute Respiratory

Syndrome-Related Coronavirus: Classifying 2019-NCoV and Naming It SARS-CoV-2. Nat. Microbiol. 2020, 5, 536–544. [CrossRef]
[PubMed]

3. Cucinotta, D.; Vanelli, M. WHO Declares COVID-19 a Pandemic. Acta Biomed. 2020, 91, 157–160. [CrossRef] [PubMed]
4. Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al. A Pneumonia

Outbreak Associated with a New Coronavirus of Probable Bat Origin. Nature 2020, 579, 270–273. [CrossRef]
5. Rahman, H.S.; Aziz, M.S.; Hussein, R.H.; Othman, H.H.; Salih Omer, S.H.; Khalid, E.S.; Abdulrahman, N.A.; Amin, K.; Abdullah,

R. The Transmission Modes and Sources of COVID-19: A Systematic Review. Int. J. Surg. Open 2020, 26, 125–136. [CrossRef]
6. Zhang, L.; Shen, F.-M.; Chen, F.; Lin, Z. Origin and Evolution of the 2019 Novel Coronavirus. Clin. Infect. Dis. 2020, 71, 882–883.

[CrossRef]
7. Jacob Machado, D.; Scott, R.; Guirales, S.; Janies, D.A. Fundamental Evolution of All Orthocoronavirinae Including Three Deadly

Lineages Descendent from Chiroptera-Hosted Coronaviruses: SARS-CoV, MERS-CoV and SARS-CoV-2. Cladistics 2021, 37,
461–488. [CrossRef]

8. Bonilla-Aldana, D.K.; García-Barco, A.; Jimenez-Diaz, S.D.; Bonilla-Aldana, J.L.; Cardona-Trujillo, M.C.; Muñoz-Lara, F.; Zam-
brano, L.I.; Salas-Matta, L.A.; Rodriguez-Morales, A.J. SARS-CoV-2 Natural Infection in Animals: A Systematic Review of Studies
and Case Reports and Series. Vet. Q. 2021, 41, 250–267. [CrossRef] [PubMed]
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Krleža, J.; et al. Temporal trends of SARS-CoV-2 seroprevalence in Croatia. In Proceedings of the Symposium with International
Participation-Veterinarski Dani, Vodice, Croatia, 26–29 October 2021; pp. 9–16. (In Croatian)

16. Stevanovic, V.; Vilibic-Cavlek, T.; Tabain, I.; Benvin, I.; Kovac, S.; Hruskar, Z.; Mauric, M.; Milasincic, L.; Antolasic, L.; Skrinjaric,
A.; et al. Seroprevalence of SARS-CoV-2 Infection among Pet Animals in Croatia and Potential Public Health Impact. Transbound.
Emerg. Dis. 2021, 68, 1767–1773. [CrossRef] [PubMed]

17. Vilibic-Cavlek, T.; Stevanovic, V.; Ilic, M.; Barbic, L.; Capak, K.; Tabain, I.; Krleza, J.L.; Ferenc, T.; Hruskar, Z.; Topic, R.Z.; et al.
SARS-CoV-2 Seroprevalence and Neutralizing Antibody Response after the First and Second COVID-19 Pandemic Wave in
Croatia. Pathogens 2021, 10, 774. [CrossRef] [PubMed]
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