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Abstract: Listeria monocytogenes can cause disease in humans and in a wide range of animal species,
especially in farm ruminants. The aim of the study was to determine the prevalence and genetic
diversity of L. monocytogenes related to 1185 cattle abortion cases in Latvia during 2013-2018. The
prevalence of L. monocytogenes among cattle abortions was 16.1% (191/1185). The seasonality of
L. monocytogenes abortions was observed with significantly higher occurrence (p < 0.01) in spring
(March-May). In 61.0% of the cases, the affected cattle were under four years of age. L. monocytogenes
abortions were observed during the third (64.6%) and second (33.3%) trimesters of gestation. Overall,
27 different sequence types (ST) were detected, and four of them, ST29 (clonal complex, CC29),
ST37 (CC37), ST451 (CC11) and ST7 (CC7), covered more than half of the L. monocytogenes isolates.
Key virulence factors like the prfA-dependent virulence cluster and inlA, inlB were observed in all
the analyzed isolates, but IntA, inlF, inl], vip were associated with individual sequence types. Our
results confirmed that L. monocytogenes is the most important causative agent of cattle abortions in
Latvia and more than 20 different STs were observed in L. monocytogenes abortions in cattle.

Keywords: Listeria monocytogenes; cattle; abortion; genetic diversity; seasonality

1. Introduction

Listeria monocytogenes is a gram-positive, facultative intracellular pathogen that is ubig-
uitously distributed in the environment. The natural habitat of the pathogen is thought
to be decomposing plant material in which L. monocytogenes exists as a saprophyte [1]. It
is well-known as a zoonotic pathogen as it can cause listeriosis—an infectious disease of
humans and different animal species [2-5]. Listeriosis in animals can be observed in vari-
ous clinical manifestations—uterine infection, septicemia, central nervous system infection,
gastroenteritis, mastitis and eye infection [6-9]. A uterine infection can result in stillbirth,
septicemia in neonates and abortion, most often in the last trimester of gestation [10]. Farm
ruminants, especially cattle, sheep and goats, are the most frequently affected [3]. Further-
more, clinically healthy farm ruminants can shed L. monocytogenes in the environment with
feces and therefore are considered to be a natural reservoir and vector of L. monocytogenes
at farms [4,11-13]. The pathogen is ingested via the oral route and the contaminated silage
is assumed to be one of the main sources of cattle listeriosis at farms [14].

The ability of L. monocytogenes to tolerate different environmental conditions like
oxygen levels, temperature and humidity makes it difficult to eliminate the pathogen at
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farms and food processing facilities. Noteworthily, economic losses in livestock occur due
to L. monocytogenes-caused morbidity and mortality [5,15]. L. monocytogenes excreted by
livestock can contaminate milk and thus subsequently the pathogen can enter the food
production chain and pose a potential health risk to humans [15].

The clonal structure of L. monocytogenes is extensively studied. Multilocus sequence
typing (MLST) organizes strains into clonal complexes (CCs) and it has been shown
that several clones are associated with the neurological (CC1 and CC6) and maternal-
neonatal forms of listeriosis (CC1, CC2, CC4) and food (CC121, CC9) [16]. MLST and other
genotyping methods have also allowed reconstruction of the evolution of L. monocytogenes
where most strains can clearly be assigned to one of four genetic lineages. Isolates belonging
to lineage I are observed in both human and animal infections and are reported to be present
at dairy farms. Lineage Il isolates are frequently isolated from the environment, animal
infections and food and are also linked to human listeriosis cases. Strains belonging to
lineages Il and IV are much less common [17-20].

New typing methods are developing fast and whole genome sequencing (WGS) is
replacing other methods like serotyping and pulsed field gel electrophoresis (PFGE) world-
wide. WGS analysis offers the highest discriminatory power among different organisms
and is successfully applied in foodborne outbreak investigations and molecular epidemi-
ology of pathogenic bacteria including L. monocytogenes [21-23]. The Institute of Food
Safety, Animal Health and Environment BIOR is the national reference laboratory for
L. monocytogenes in food and animals and implements state surveillance, including the
animal diseases surveillance program. Implementation of routine WGS provides a lot
of data to better understand the processes of pathogen evolution and distribution. It is
important to analyze retrospective pathogen collection as well as prospective samples and
assess the effectiveness of the restrictions applied to eliminate them.

The aim of the study was to assess the prevalence and genetic diversity of L. mono-
cytogenes related to abortions in cattle by means of WGS analysis. This is the first study
in Latvia investigating L. monocytogenes isolated from animals and the results provide
valuable information for further research in this field.

2. Materials and Methods
2.1. Sampling

L. monocytogenes isolates were collected within the frame of the state surveillance
program of the Republic of Latvia for the investigation of cattle abortion cases within
a six years’ period (2013-2018). The state surveillance program provided that cattle
owners should notify a veterinarian about all the observed abortion cases, then an of-
ficial veterinarian would collect the aborted fetus or placenta (in case the fetus was not
available) and transport samples to the laboratory. The state surveillance program cov-
ered microbiological investigation of aborted fetuses; therefore, the necropsy was carried
out only for the purpose of obtaining samples for microbiological analyses. The defini-
tion of L. monocytogenes-caused abortion was based on laboratory diagnosis—isolation of
L. monocytogenes from tissues of the aborted fetus or placenta if the fetus was not available.
A total of 1185 cattle abortion cases were investigated during the studied period. The
data about the animals’ age, gestation period and season of abortion were collected for the
surveillance purposes.

The years were divided into seasons according to the Latvian Environment, Geology
and Meteorology Centre data: winter (December—February), spring (March-May), summer
(June-August) and autumn (September-November).

2.2. Microbilogical Analyses

Isolation of L. monocytogenes was performed according to the methodology described
in ISO 11290-1 (2017) and the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals (Chapter 3.10.5, 2021). The necropsy material from an aborted fetus included heart,
liver, spleen, kidney and lung samples and was used for microbiological analyses. For the
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bacteria isolation procedure, 10-25 g of pooled samples of the fetus tissue or placenta were
aseptically transferred into sterile stomacher closure bags, half Fraser broth was added for
enrichment to achieve a 1:10 dilution, and then they were homogenized by stomaching
(BagMixer® 400, Interscience, Saint-Nom-la-Breteche, France) at normal speed for 60 sec.
After incubation at 30 °C for 24 h, 0.1 mL of enrichments (Biolife, Milan, Italy) in half Fraser
broth were transferred to 10 mL of Fraser broth and incubated at 37 °C for 24 h. After
incubation, 0.01 mL (using a 10 pL loop) of enrichments from Fraser broth were plated onto
two selective Listeria agars according to the Ottaviani and Agosti (ALOA) and OXFORD
(Biolife, Milan, Italy) formulations and incubated at 37 °C for 2448 h. Small and round
(0.5-1 mm in diameter) colonies of blue-green color surrounded by an opaque halo on
the ALOA medium and olive-colored colonies on the OXFORD medium were considered
as Listeria spp. and plated onto sheep blood agar. The colonies which were small, round
(0.5-1 mm in diameter), of grey or grayish white color, showing hemolysis on the sheep
blood agar medium were considered to be Listeria spp. Presumptive colonies of Listeria
spp. were confirmed and identified with a matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI TOF MS) Biotyper (Bruker, Bremen, Germany).

2.3. Whole Genome Sequencing and Genomic Analysis

From the total of 191 isolated L. monocytogenes strains in cattle abortions, 157 were
available in the biobank and complemented by metadata and therefore selected for se-
quencing. The obtained sequencing data were subjected to quality control (criteria listed
below) and the sequences which did not match the quality criteria or belonging to other
Listeria species were excluded from the dataset. Other Listeria species were identified in
eight of the 157 sequences (5.1%)—two L. innocua and six L. seeligeri sequences. In total,
125 L. monocytogenes isolates were used for further analysis in our study. In the years
2013-2015, multiplex PCR [24] was used for serogroup differentiation of L. monocytogenes;
however, these results were compliant with in silico serotyping of genomes; therefore these
results are not presented separately.

DNA for WGS was extracted from single colonies grown overnight on sheep blood
agar at 37 °C. A QlAamp DNA Mini Kit (Qiagen, Hilden, Germany) was used accord-
ing to the manufacturer’s protocol for gram-positive bacteria. Genomic libraries were
prepared using Nextera XT chemistry (Illumina, San Diego, CA, USA) and sequenced on
an Illumina MiSeq using a 600 cycle V3 kit to obtain 2 x 300 bp paired-end reads. On
average, 100,000 reads were generated for each bacterial isolate, resulting in the median
genome coverage of 50 x. Low-quality bases and adapters were removed from raw reads
using Trimmomatic v0.38 [25]. The trimmed reads were de novo assembled into contigs
by the SPAdes assembler (v3.14.0) [26]. Multiple quality control steps were performed to
exclude contaminated or wrongly identified genomes from downstream analysis. Namely,
the total assembly size and N50 (required 10 kb or above) were checked with QUAST
v5.0.1 [27], and contamination and species identification were checked by comparing the
raw reads against the MiniKraken (v1_8GB_201904) taxonomic database with Kraken
v2.0.8 [28]. The genome assemblies that passed all the quality requirements were im-
ported into the SeqSphere+ 7.0.4 software (Ridom, Germany) [29] for serotype prediction,
seven-gene multilocus sequence typing (ST), clonal complex (CC) and core genome MLST
(cgMLST) typing; cgMLST alleles were identified according to the cgMLST scheme by
Ruppitsch et al. (2015) [30]. Core genome allele diversity and relationships between the
isolates were visualized using a minimum spanning tree. The tree layout was constructed
using the MSTree V2 algorithm implemented in Grapetree [31].

2.4. Virulence Factor Analysis

Presence of virulence factors was determined by querying translated genomic DNA se-
quences against protein sequences of known Listeria virulence factors using the DIAMOND
software (version 2.0.9) [32]. Thresholds for minimum sequence identity and minimum
target coverage were set to 90% and low-complexity sequence masking was disabled.
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Forty-two virulence factor amino acid sequences that were used in the DIAMOND search
were retrieved from the Virulence Factor Database [33].

2.5. Statistical Analyses

Fisher’s exact test was performed to detect the significance of the association of
L. monocytogenes abortions and the season.

3. Results
3.1. Prevalence of L. monocytogenes-Associated Cattle Abortions

From 150 up to 250 cattle abortions were reported per year from 2013 to 2018, with
L. monocytogenes identified in 10.1-23.7% in years 2015 and 2017, respectively. The overall
prevalence of L. monocytogenes was 16.1% (191/1185) (Figure 1) and it was the most fre-
quently observed pathogen among cattle abortions. Escherichia coli and Trueperella pyogenes
were identified in 8.1% (96/1185) and 6.3% (75/1185) of the cases, respectively. Streptococcus
spp. was observed in 3.9% (46/1185) of all the cattle abortions and corresponds to the
fourth most commonly observed pathogen in cattle abortion cases.

248
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m L. monocytogenes Escherichia coli Trueperella pyogenes M Streptococcus spp.

Figure 1. Investigated cattle abortion cases and the most frequently observed pathogens associated with cattle abortions

(2013-2018).

Available metadata (Table S1) on cattle abortions to characterize listeriosis in ruminants
are provided in the Supplementary Data.

Seasonality among L. monocytogenes cattle abortion cases was observed. L. monocyto-
genes were detected in 22.3% (84/376) of the cattle abortions during the springtime and
comprised 7.1% (84/1185) of all the studied cases, whereas the prevalence of L. monocyto-
genes-caused abortion was 13.0% (45/347) in winter, 13.0% (30/231) in summer and 13.9%
(32/231) in autumn. The prevalence of L. monocytogenes-caused abortions was higher in
spring (p < 0.01) while differences in the prevalence of L. monocytogenes-caused abortions
during the other seasons were not identified (p > 0.05).

The age of 118 affected cattle was known. Analyzing this dataset, L. monocytogenes-
caused abortions were more frequently observed in the cattle under four years of age
(61.0%, 72/118) than in the cattle five years and older (39.0%, 46/118).

The gestation period in which the abortion occurred was known in 48 cattle. The
majority of L. monocytogenes-caused abortions was reported in the third trimester (31/48,
64.6%), followed by the second (16/48, 33.3%) and the first trimesters (1/48, 2.1%) of the
cattle gestation period.
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L. monocytogenes collection was obtained from 89 farms. At 75 farms, a single
L. monocytogenes-associated abortion was observed and eight farms were with two L.
monocytogenes-related abortion cases. However, at six farms (later in the text designated as
A-F, Table S1 in the Supplementary Data), three or more isolates were obtained: 14 isolates
at farm A, six isolates at farm B, four isolates at farms C and D each, and three isolates at
farms E and F each.

3.2. Genetic Characterization of L. monocytogenes Isolates

Genetic diversity of cattle abortion L. monocytogenes isolates, including serogroup,
ST (CC) and cgMLST, was analyzed based on the WGS data. L. monocytogenes isolates
belonging to three different serogroups were identified. The majority of the isolates
belonged to serogroup Ila (93.6%), followed by llc (4.0%) and IVb (2.4%). Serogroup IIb
was not identified in any of the L. monocytogenes isolates. All the isolates were found
to belong to lineage II except for three isolates from the IVb serogroup that represented
lineage I.

All the isolates were classified into 27 STs of 23 different CCs listed in Table 1. The most
common STs were ST29 (CC29) and ST37 (CC37) each represented by 18 isolates, followed
by ST451 (CC11) with 16 isolates and ST7 (CC7) with 13 isolates. The same STs were
dominating at the farm level; each of them was observed at least at 15-17 different farms
(Table S1 in the Supplementary Data). Most isolates from these four STs were ubiquitously
spread all over the analyzed period and altogether they represented more than 50% of the
analyzed isolates. Most of the other STs observed in cattle abortion cases were represented
by 1-7 isolates in total of the analyzed period, up to two cases per year; however, in some
cases, increases in individual STs were observed, for example, in ST689 (CC689)—seven
cases in 2017, ST9 (CC9)—five cases in 2017, ST451 (CC11)—seven cases in 2017 (Table 1).

Analysis of L. monocytogenes genomes at the cgMLST level revealed multiple clusters
with between-isolate distances of 10 alleles or less, which is our standard cutoff for the
cgMLST-based epidemiological analysis (Figure 2). A few clusters of identical genotypes
among several farms were apparent, namely the clusters of ST9 and ST689 and two small
clusters of ST7. The clusters made of ST689 and ST9 included seven and five isolates,
respectively. Prevalence of these two STs increased substantially in 2017 (see Table 1), thus
indicating a possible listeriosis outbreak. However, an epidemiological link for the cluster
of ST689 was not supported by geographic location of the involved farms and for the ST9
cluster it was only partially supported by farm locations. The ST7 cluster consisting of
two identical isolates and involving farm C is supported by infection timing but spatial
connection seems not likely given that both farms are not located in adjacent regions. The
other ST7 cluster, however, includes only two isolates from the same farm in the same
year so a small-scale outbreak is likely to have happened. The cluster of ST399 includes
two isolates with high genetic similarity from subsequent years but they were isolated in
very distant regions. The ST394 cluster consists of three isolates from distant regions and
different years but still they show high genotype similarities. Isolates from the ST451 cluster
involving farm A originated from adjacent regions in subsequent years—transmission
seems likely only if it was mediated via some persistent environmental reservoir or carrier.
The group of ST29 isolates including one from farm D do not appear epidemiologically
connected except for two which come from the same farm in the same year. Finally, the
ST37 cluster seems like mostly sporadic cases due to being distributed over temporal and
spatial scales.
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Table 1. L. monocytogenes isolates obtained from cattle abortion cases classified by the serogroup, clonal complex (CC),

sequence type (ST), lineage and distribution of virulence factors (VF), n = 125, in Latvia, 2013-2018.

Serogroup CC ST Lineage VF 2013 2014 2015 2016 2017 2018 Total
cC7z ST7 I IntA+, vip—, inlJ+, inlF+ 2 4 1 2 3 13
CC8 ST8 I IntA+, vip—, inlJ+, inlF+ 2 2 1 2 - - 7
ST120 I IntA+, vip—, inlJ+, inlF+ - 1 - - - - 1
CC11 ST11 I IntA+, vip+, inlJ+, inlF- - 1 - 1 1 - 3
ST451 I IntA-, vip+, inlJ+, inlF+ 1 2 1 2 7 3 16
CC14 ST14 I IntA+, vip+, inlJ+, inlF- - - - 1 1 1 3
ST91 1I IntA+, vip+, inlJ+, inlF+ - 2 - 1 - - 3
ST399 I IntA+, vip+, inl]—, inlF- - - - 1 1 - 2
CC18 ST18 I IntA-, vip+, inlJ+, inlF+ 2 - 2 - 1 1 6
CC19 ST19 I IntA+, vip—, inlJ+, inlF+ - - 1 - - - 1
CC20 ST20 I IntA+, vip+, inlJ+, inlF+ 1 2 - 2 1 - 6
Ma (n =117) CcC21 ST21 I IntA-, vip—, inlJ+, inlF+ - 1 - - 1 - 2
CC29 ST29 I IntA+, vip—, inlJ+, inlF+ - 5 1 4 4 4 18
CcCa7 ST37 I IntA+, vip—, inlJ+, inlF+ 4 1 2 3 5 18
CC121 ST121 I IntA+, vip+, inl]—, inlF- 2 - - - - 2
CC207 ST207 I IntA-, vip+, inlJ+, inlF+ - 1 - - - - 1
ST226 ST226 I IntA+, vip—, inlJ+, inlF+ - 1 - - - 1
CC89 ST391 I IntA-, vip—, inlJ+, inlF+ - - - 1 - - 1
CC415 ST394 I IntA-, vip+, inlJ+, inlF+ 1 - - - 2 - 3
CC403 ST403 I IntA+, vip—, inlJ+, inlF+ - - - 1 - - 1
CC90 ST425 I IntA+, vip+, inlJ+, inlF+ - - - - 1 - 1
CC5h73 ST573 1I IntA+, vip—, inlJ+, inlF+ - - - 1 - - 1
CC689 ST689 I IntA+, vip+, inl]—, inlF- - - - - 7 - 7
Ilc (n=5) CC9 ST9 11 IntA+, vip+, inlJ+, inlF+ - - - - 5 - 5
cC2 ST2 1 IntA+, vip—, inlJ-, inlF- - - 1 - - - 1
cCa ST4 I IntA+, vip—, inlJ+, inlF-, _ ) ) ) ) 1 1
Vb (1 = 3) lls]?+, l'lsG+ '
IntA+, vip—, inl]-, inlF-,
CCeo ST6 1 lIsA+, lIsB+, llsD+, lIsG+, - - - - - 1 1
lIsH+, l1sX+, lIsY+
Total 12 28 9 21 36 19 125

Among the most prevalent STs (ST7, ST29, ST37 and ST451, each with more than

ten isolates), an interesting pattern can be observed: the average minimum spanning tree
branch length is 11-14 among the ST29, ST37 and ST451 isolates. However, the average
branch length among the ST7 isolates is 34 alleles, indicating a more diverse clade and
less likely epidemiological links within the ST7 group (a detailed view of the ST genotype
of each isolate in the minimum spanning tree can be found in the Supplementary Data,
Figure S1).

As can be seen in the minimum spanning tree of L. monocytogenes cgMLST, most strains
originating from one farm were not closely related to each other, they often belonged to
various STs even when isolated in one year (Figure 2, Farms B, C, D, E, F). The exception is
farm A with 14 isolates within a six years’ period. Nine of these isolates were included in
three different clusters (Figure 2, clusters of ST37, ST451 and ST689).

In total, 42 virulence factors (VF) were analyzed (Table S2 in the Supplementary Data).
The key virulence factors like prfA, hly, plcA, inlA, inlB were observed in all the analyzed
isolates independently of ST. Several genes were identified as ST-dependent, e.g., IntA
was missing in all the isolates of ST18, ST21, ST207, ST391 and ST451 (summarized in
Table 1). Internalin genes intA, intB, intC, intK and intP were detected in every analyzed ST
and only genes inl] and inlF presented the ST-dependent profile—both were missing in ST2,
ST6, ST121, ST399 and ST689, while only inlF was missing in ST4, ST11, ST14. The single
ST6 strain contained genes encoding listeriolysin S—IIsA, lIsB, lisD, lIsG, lIsH, lIsY and lIsX,
while in ST4, only lIsD and lIsG were detected. Both ST6 and ST4 belong to serogroup IVb
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and are assumed to be more virulent than others; in other STs or individual isolates, LIPI-3
genes were not detected.

Farm

A4
(B8l
Bc
oM
BEB
CFm@

Figure 2. A minimum spanning tree showing the core genome allele diversity of L. monocytogenes isolates from cattle
abortions. The tree is based on 1701 ¢gMLST loci. Farms with more than three isolates (designated as A-F) are represented
with a color code, and the nod size is proportional to the isolate count per genotype. Depicted branch lengths are log-

transformed but numbers on the branches represent the absolute distance between genotypes in the number of loci. The

clusters within STs where the distance between a least two isolates is 10 alleles or less are highlighted as possible infection

outbreak or transmission events.

4. Discussion

Our study revealed that L. monocytogenes was the most prevalent pathogen in cattle
abortions in Latvia. L. monocytogenes-caused abortions in ruminants have been reported
worldwide and the occurrence rate has varied from sporadic cases to outbreaks [6,20,34].
Escherichia coli, Trueperella pyogenes and Streptococcus spp. were found among the four most
frequently associated cattle abortion causative agents and this observation was similar
to the study of Wolf-Jackel et al. [35] where T. pyogenes and E. coli also were among the
most important causative agents of cattle abortions. In our study, the decreasing trends in
occurrence of L. monocytogenes-caused abortions in cattle were observed through the years.
Most often, cattle abortions due to L. monocytogenes were detected in 2013 and 2014 with
the prevalence of 23.7% and 23.3%, respectively. In the following years, the pathogen was
detected noticeably less often in cattle abortions—10.1% in 2015, 12.2% in 2016, 15.7% in
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2017 and 11.4% in 2018. This observation could be explained by the fact that increased
awareness and revision of biosafety measures were implemented to react to the ongoing
worsening of the situation with African swine fever in Latvia that could be the reason for
the improvement of hygienic measures at farms. Hygienic measures were reported to be
an important tool for the reduction of spread of pathogens at farms.

The results of this study demonstrated the evident seasonality of L. monocytogenes
occurrence among cattle abortions. We observed increased prevalence of L. monocytogenes
abortions in spring (22.3%) compared to other seasons. The seasonal character of listeriosis
clinical cases in winter and spring was reported previously in 44.2% and 38.4% of the
cases, respectively [6], as well as the overall increase in L. monocytogenes prevalence in farm
animals during the cold weather season [19,36-38]. These authors also highlighted feeding
of silage and indoor keeping as the main factors which could promote the listeriosis
onset during winter and spring. Any changes in the daily routine of herds, either in
management, climate or physiological changes, can be a stress factor, affect the immune
defense mechanism and predispose animals to infection with L. monocytogenes [3].

The gestation period of the aborted cattle was known in only 48 cases, but these data
revealed a tendency that L. monocytogenes-caused abortions occurred during the second
(33.3%) and the third (64.6%) trimesters of gestation. This observation was in agreement
with previous studies which showed that L. monocytogenes abortions were more prevalent
at the late term of gestation, mainly during the last trimester [10,34,39]. Abortions at the
early stage of gestation could occur as an absorption of the fetus and fetal membranes; it
should be taken into account that not all early-term abortions were detected and reported.

Despite the fact that the genetic diversity of L. monocytogenes isolates was rather high,
ST29 (CC29), ST7 (CC7), ST37 (CC37) and ST451 (CC11) were continuously identified
through each year of the study. Kim et al. (2018) carried out a 12-year study about
genetic diversity of L. monocytogenes in bulk tank milk, milk filters and milking equipment
from dairies in the United States and reported CC7, CC37, CC29 and CC451 as the four
most frequently detected CCs in their study; CC7 and CC37 were also observed in each
of the studied years [40]. Almost all of the observed L. monocytogenes strains in cattle
abortion cases in our study were also reported by Painset et al. (2019) in the survey of L.
monocytogenes in ready-to-eat foods and human clinical cases in Europe. In addition, CC7,
CC14, CC415 and CC4 were associated with outbreaks in humans [22]. Papic et al. (2019)
analyzed L. monocytogenes isolates of animal clinical cases and environment from France,
Slovenia, Switzerland and Great Britain and found CC1 of serogroup IVb to be the most
prevalent in both clinical forms of listeriosis—rhombencephalitis (57.6% of all the cases)
and abortion (18.8% of all the cases) [20]. In another study, Dreyer et al. (2016) reported CC1
to be predominant in ruminant rhombencephalitis cases [18]. Serogroup IVb was found to
be more prevalent than Ila among wildlife animal samples in Spain [41]. Hypervirulent
clones of IVb were present in food and food production environments, highlighting their
importance associated with human invasive listeriosis cases [42]. In our dataset, CC1
in the context of abortion was not observed at all, and neurological manifestations of
listeriosis in cattle in Latvia are rarely reported, only one case since 2013, and in that case,
we identified L. monocytogenes ST1 (CC1) (unpublished data, BIOR). Papic et al. (2019)
analyzed L. monocytogenes isolates from several European countries and reported CC37 as
the second most frequently observed in cattle abortions (15.6%) followed by CC4, CC217,
CC6 and CC7. Therefore, CC37 and CC6 showed significant correlation with abortions in
ruminants. Isolates of lineage I were the most prevalent among cattle abortions in European
countries, followed by lineage II [20]. In comparison, abortions in beef heifers in the USA
were associated with L. monocytogenes strains of lineages III and I [34]. In our study, isolates
belonging to lineage II were predominant in cattle abortion cases and L. monocytogenes
isolates of lineage I were observed sporadically. This finding is in line with the previously
reported data [18,43] that lineage II is common in non-encephalitic infections, including
ruminant abortions.
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The diversity of strains in abortion cases suggests that there was a broad genetic
diversity of L. monocytogenes in the farm environment [36,37]. In a study involving sev-
eral European countries, the comparison of environmental L. monocytogenes strains and
ruminant clinical strains revealed coincidence with the CCs observed in abortions, but the
CCs related to rhombencephalitis were different from the environmental repertoire [20].
According to a study of environmental Listeria spp. isolates at Latvian cattle farms, the pre-
dominant L. monocytogenes strains were ST37 (CC37), ST451 (CC11) and ST18 (CC18) [44],
which all were among the most prevalent STs in cattle abortions. Significantly, the STs
mentioned above were present in all kinds of the investigated environmental samples.
Nevertheless, ST7 (CC7) which was observed in 10.4% of the cattle abortions, was found
to be present only in soil samples, but ST29 (CC29) with a constantly high prevalence
in cattle abortions over years was detected in animal feces and water samples. Some of
L. monocytogenes strains like ST1085 (CC1985), ST1482 (CC1482) and ST194 (CC315) were
found to be present only in the environmental samples, but were not observed in the
cattle abortion cases. Furthermore, Terentjeva et al. showed that lack of cleaning and
disinfection of cattle feeding tables was associated with higher L. monocytogenes prevalence
in soil samples of farms. The detection of the same STs in the environmental and clinical
L. monocytogenes isolates highlights the importance of implementing and using appropri-
ate hygiene measures to reduce contamination of the environment and prevent animal
infection with L. monocytogenes [44].

Large genetic variety of L. monocytogenes was observed at the farm level; cgMLST anal-
ysis demonstrated most isolates representing individual cgMLST types that are consistent
with the surveillance data—from 75 farms, one isolate per farm was analyzed. In cases
where three or more isolates per farm were analyzed, they mostly represented unrelated
L. monocytogenes clones. At farm A (Figure 2) with the highest L. monocytogenes abortion
prevalence among the farms, five isolates were separated from each other but nine were
included in three separate clusters. This is in line with the previous study of Castro et al.,
2018, who reported different genotypes of L. monocytogenes per farm detected by PFGE [37].
It should be mentioned that farm A is a training and research farm for veterinary medicine
students, therefore, higher prevalence of the infection could be explained by frequent
changes in the personnel and possible bypass of the biosafety measures.

In our study, cgMLST clusters were investigated in order to discover patterns and po-
tential instances of within-farm or between-farm transmission. After considering time and
location of isolation in addition to the genotype data, most of these clusters do not seem to
represent direct transmission events or outbreaks. However, striking genotype similarities
were observed between some farms (Figure 2, ST9 and ST689 clusters). According to the
study design, no information about the movement and distribution of animals or materials
(e.g., feed) between the farms was obtained. However, it is possible that such information
could provide additional insights on multi-farm clusters of identical or highly similar geno-
types. An additional factor complicating cluster analysis is the possibility of asymptomatic
carrier animals or unobserved first-trimester abortions which might link together cases that
otherwise seem too far apart in terms of time or allelic difference. Similarly, environmental
sources could also play an important role in the spread of L. monocytogenes as supported
by the overlap between the most frequent STs of this study and isolates from the farm
environment [44]. It remains to be clarified whether these STs are predominant among
cattle abortion cases because they are widely distributed in environmental reservoirs or
because they are more infectious and/or cause more severe symptoms and are thus easily
detected by surveillance that targets clinical manifestations of listeriosis.

The virulence potential of L. monocytogenes strains varies. Some strains are naturally
virulent and cause high morbidity and mortality rates, but other strains are non-virulent
and unable to cause infection in mammals [45,46]. The main virulence factors like prfA,
hly, plcA, inlA, inlB involved in the pathogenesis of L. monocytogenes were observed in
all the analyzed isolates. PrfA is a major transcriptional activator of L. monocytogenes
virulence genes [47,48]. When L. monocytogenes enters a host cell, it is primarily located in
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single-membrane vacuoles. Two virulence factors, listeriolysin O (encoded by hlyA) and
phosphatidylinositol-specific phospholipase C (encoded by picA), are important for lysis of
the primary single-membraned vacuoles and subsequent escape of L. monocytogenes. After
the lysis of primary vacuoles, L. monocytogenes is released to the cytosol, where intracellular
growth and multiplication take place. Surface protein actin (actA) is implicated in the
intracellular mobility and cell-to-cell spread of L. monocytogenes [2,49]. Internalins are a
highly diverse gene family consistent with the phylogenetic lineages of L. monocytogenes
and a previous study showed the inlF gene absent from lineage I isolates [50]. A secreted
Listeria virulence factor encoded by the [ntA gene is involved in modulating the host’s INF-A-
mediated immune response [51]. Virulence factor vip interacting with host cell endoplasmic
reticulum resident chaperone Gp96 is involved in cell invasion and /or signaling events that
may shape the host’s immune response during infection [52]. Listeriolysin S encoding gene
family IIs is responsible for the interaction of bacteria with gut microbiota—a significant
factor in listeriosis pathogenesis [53]. Additionally, vip and intF were previously reported
as significantly associated with human clinical and nonclinical cases, respectively [22].
Here, we reported ST-dependent presence/absence of virulence genes in L. monocytogenes
genomes that can contribute to infectivity and severity of infection; however, additional
genome and patho-clinical data analyses are necessary to detect specific gene variants and
mutations that can contribute to the pathogenesis of L. monocytogenes.

5. Conclusions

Our study confirmed that L. monocytogenes is the most important causative agent of
cattle abortions in Latvia with the significantly highest (p < 0.01) occurrence in spring. A
broad genetic variety between isolates was observed between farms and within farms. In
this study, the most prevalent STs, ST37, ST29, ST451, ST7, were previously reported in the
association with the environment and dairy production, but a few hypervirulent strains
such as ST6 were detected as well. The main virulence factors involved in the pathogenicity
mechanisms of L. monocytogenes were present in all the isolates, but several virulence factors
were determined as ST-specific traits. In order to strengthen the One Health approach and
promote disease prevention in animals as well as in humans, the measures to diminish
L. monocytogenes infection should be considered already at the farm level, reducing the
possibility of the pathogen to enter the food chain.
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