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Abstract: Porcine parvovirus 1 (PPV1) is recognized as a major cause of reproductive failure in
pigs, leading to several clinical outcomes globally known as SMEDI. Despite being known since
the late 1960s its circulation is still of relevance to swine producers. Additionally, the emergence of
variants such as the virulent 27a strain, for which lower protection induced by vaccines has been
demonstrated, is of increasing concern. Even though constant monitoring of PPV1 using molecular
epidemiological approaches is of pivotal importance, viral sequence data are scarce especially in
low-income countries. To fill this gap, a collection of 71 partial VP2 sequences originating from eight
African countries (Burkina Faso, Cote d'Ivoire, Kenya, Mozambique, Namibia, Nigeria, Senegal, and
Tanzania) during the period 2011-2021 were analyzed within the context of global PPV1 variability.
The observed pattern largely reflected what has been observed in high-income regions, i.e., 27a-like
strains were more frequently detected than less virulent NADL-8-like strains. A phylogeographic
analysis supported this observation, highlighting that the African scenario has been largely shaped
by multiple PPV1 importation events from other continents, especially Europe and Asia. The
existence of such an international movement coupled with the circulation of potential vaccine-escape
variants requires the careful evaluation of the control strategies to prevent new strain introduction
and persistence.
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1. Introduction

Porcine parvovirus 1 (PPV1) is a virus classified in the species Ungulate protoparvovirus
1 of the genus Protoparvovirus in the virus family Parvoviridae (https:/ /ictv.global /taxonomy,
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accessed 10 January 2023). It is a non-enveloped virus with a single-stranded DNA genome
of about 5 kb including two main coding regions that encode non-structural (NS1, NS2,
and NS3) and structural (VP1, VP2, and VP3) proteins [1,2]. PPV1 has been recognized as
the etiological agent of reproductive disorders in swine for a long time, globally known as
SMEDI (i.e., stillbirth, mummification, embryonic death, and infertility), causing significant
economic losses worldwide [1-3]. Similar to other ssDNA viruses, PPV1 is characterized by
a relatively high evolutionary rate, ranging from 10~ to 10~* substitutions-site ! -year~!,
depending on the cited study and the genomic region [1,4,5]. This rapid evolution has
generated significant genotypic and phenotypic variability over time that has been classified
according to different systems proposed by different authors [6-8] (sub-species classification
has not yet been well standardized).

Such heterogenicity has been associated with variation in tropism and virulence, whose
determinants are most likely confined to the structural proteins. For example, among the
VP2 amino acids, three of them, and their relative heterogeneity (i.e., D378G, H383Q,
and S436P), have been considered to be responsible for different tissue tropism [9,10].
Similarly, viral variability could negatively impact neutralizing antibodies’ pivotal role in
host protection. Cross-protection among strains has been assessed in experimental studies,
revealing higher protection against homologous compared to heterologous challenge [11].
The lower affinity to neutralizing antibodies has been linked to amino acid substitution in
the 3-fold spike region.

Vaccines against PPV1 have been used since the early 80s and have largely been
administered in the last 30 years [5]. However, despite broad application, an increase in
SMEDI cases has been reported in the last few years in Europe [5]. This increase is often
associated with the new variant 27a or 27a-like strains that have become predominant
in Europe [5,6]. It has been suggested that the appearance of 27a over the last decades
is the result of viral adaptation to vaccine pressure on a viral population circulating in
a partially immune population [4,5,8]. Overall, a reduction in viral diversity in favor of
viruses more able to deal with vaccine-induced pressure has been postulated. In silico and
in vitro analyses, plus the evidence that strains detected in wild boars showed a higher
variability compared to their domestic counterparts, seem to confirm such a hypothesis [8].

Although the consequences in terms of clinical protection are far more debated [12],
the implications that potential differential cross-protection has on PPV1 epidemiology
justifies a constant updating of the molecular epidemiology of the virus. Nevertheless, this
information is still limited and biased according to temporal and spatial distribution. Data
from Africa are especially scarce even though such knowledge is of particular relevance
for several reasons: the impact of the productive losses on society with already limited
resources; the growing economic and commercial relationship of many African countries
with more developed regions; the characteristics of the African farming system, its hetero-
geneity and the frequent contact opportunities with wild species, which could enhance the
persistence, circulation, and evolution of strains with unusual features, as demonstrated for
other swine pathogens [13]. Unfortunately, limited resources and capacity often prevent
significant diagnostic and sequencing efforts in many African countries.

The present study aimed to provide, despite these limitations, an as extensive as
possible characterization of PPV1 strains in Africa and evaluate the potential introduction
sources thereby providing important data for local and regional veterinary authorities
involved in porcine disease management.

2. Materials and Methods
2.1. Swine Samples

Archived DNA purified from samples (i.e., spleen, lung, liver, blood, serum) collected
from pigs as part of routine diagnostic activities in Burkina Faso (1 = 52), Ivory Coast
(n = 54), Kenya (n = 9), Mozambique (1 = 96), Senegal (n = 17), and Tanzania (n = 123)
between 2011 and 2021 (Table S1) were screened by PCR for the presence of PPV1 as



Viruses 2023, 15, 207

30f9

previously described [14]. Positive amplicons of a 739 bp region of the VP2 were purified
and sequenced commercially by LGC Genomics (Berlin, Germany)

2.2. Sequence Analysis

PPV1 nucleotide sequences spanning the same VP2 region obtained in the present
study and originating from Europe, North and South America, and Asia were downloaded
from GenBank (when the sampling country and date were available). In addition, sequences
(n = 40) from two African countries Namibia and Nigeria were included [14-16]. All the
sequences were merged with the ones generated in the present study and aligned using
MAFFT [17] and their quality was evaluated. Partial or poorly aligned sequences, those
displaying unknown bases, premature stop codons, or frameshift mutations were excluded
from further analysis. Recombination analysis was performed using GARD [18] and
RDP4 [19] to identify and remove recombinant strains from the dataset. RDP4 analysis
settings were selected based on the dataset features according to the recommendations of
the RDP manual. A recombination event was accepted as significant if detected by more
than two methods with a significance level of 0.05 after Bonferroni correction. The presence
of adequate phylogenetic and temporal signals was tested using the likelihood mapping
approach implemented in IQ-Tree [20] and the TempEst [21] programs, respectively. A
phylogenetic tree was reconstructed using IQ-Tree selecting the substitution model with
the lowest Akaike information criterion (AIC) score calculated using the same software and
assessing the robustness of detected clades performing 1000 bootstrap replicates.

2.3. Viral Population Dynamics and Phylogeography

Considering that the sequence selection was biased for collection country and date,
more balanced datasets were obtained by randomly subsampling a maximum of three
sequences per country-year. To assess the effect of sampling, five random datasets were
generated and independently analyzed. PPV1 population parameters, including time to the
most recent common ancestor (tMRCA), evolutionary rate, and population size variation
over time were estimated using the Bayesian serial coalescent approach implemented in
BEAST 1.10.4 [22]. The nucleotide substitution model was selected based on the Bayesian
information criterion (BIC) calculated using JModelTest2 [23] while the best-fitting molecu-
lar clock model was selected by calculating the Bayesian factor (BF) estimating the marginal
likelihood of the evaluated models using the path sampling (PS) and stepping stones (SS)
methods [24]. The non-parametric Skygrid [25] model was selected to reconstruct the
trend of the relative genetic diversity (i.e., effective population size x generation time;
Ne x t) over time. Strain migration among countries was estimated using the discrete state
phylogeographic approach [26]. The Bayesian stochastic search variable selection (BSSVS)
was also implemented to allow for the identification of the most parsimonious description
of the phylogeographic diffusion process and to construct a BF test assessing the statistical
significance of such links. All parameters were jointly estimated using a 100 million genera-
tion Markov chain Monte Carlo (MCMC) chain, sampling the population parameters and
trees every 10 thousand generations. Run performances were summarized and evaluated
using Tracer 1.7 after removing the first 20% as burn-in. Run results were accepted if the es-
timated sample size (ESS) was higher than 200 and the mixing and convergence, evaluated
by visual inspection of the run’s trace, were adequate. A maximum clade credibility tree
(MCC) was obtained using the Treeannotator suite of the BEAST package. SPREAD3 [27]
was used to identify the statistically supported migration rates between country pairs.
The significance level was set to BF > 10 for all considered analyses. Additional summary
statistics and graphics were generated using R [28] and specific libraries [29,30].

3. Results

Of the 351 samples screened by PCR in this study, 31 (8.8%) were positive for PPV1 [i.e.,
Burkina Faso (n = 2; positivity ratio = 3.85%), Ivory Coast (1 = 7; positivity ratio = 12.96%),
Kenya (n = 1; positivity ratio = 11.11%), Mozambique (n = 17; positivity ratio = 17.71%),
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Senegal (n = 2; positivity ratio = 11.76%), Tanzania (n = 2; positivity ratio = 1.63%)].
Additionally, 40 sequences previously obtained from Namibia (positivity ratio = 36.35%)
and Nigeria (positivity ratio = 20.6%) were included in the study [14-16].

In total, 71 sequences originating from eight African countries (Burkina Faso, Ivory
Coast, Kenya, Mozambique, Namibia, Nigeria, Senegal, Tanzania) in the period 2011-2021
were analyzed in the present study (Table S1). The obtained sequences covered a region
from position 3035 to 3608 of the U44978 reference genome. After merging all of the African
sequences with the other sequences available in GenBank, 312 sequences from 24 countries
sampled between 1963 and 2021 were included in the final dataset (Table S2). Phylogenetic
and temporal signals were adequate for further analysis. The average distance among the
strains was 1.00% (interval: 0—4.2%) while it ranged between 0 and 3% (average = 0.7%)
when considering the African strains only (Table S3). No significant recombination event
was detected in the region considered using the selected analysis settings.

Overall, 47 African strains were related to the 27a strain (Cluster PPV1b, according
to the Vereecke et al., classification), 21 to the NADL-8 (Cluster PPV1d), and three to the
Cluster PPV1a (Figure S1).

The analysis of the five independent datasets provided highly concordant results. The
tMRCA was estimated in 1918.08 [95HPD: 1872.06-1952.65] (average of the five datasets)
and the evolutionary rate was 1.735 x 1074 [95HPD: 7.944 x 1075-3.12 x 10~*#]. The viral
population size demonstrated a constant increase from the tMRCA until approximately
2010 when a progressive decrease was observed (Figure 1).
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Figure 1. Left figure: mean relative genetic diversity (Ne X t) of the worldwide PPV1 population
over time. The results of the five independent runs have been color-coded. Right figure: mean and
upper and lower 95HPD values are reported for each run.

The phylogeographic analysis highlighted several well-supported migration rates con-
necting African countries with others, especially from Asia and Europe (Figure S2). More
specifically, although with minor differences among datasets, significant connections linked
Denmark with Mozambique, Ivory Coast, and Tanzania. Mozambique had also significant
connections with China and other African counties such as Namibia and Tanzania. Finally,
a connection between Senegal and South Korea and the USA was detected. Other links
involving African counties were also present, although they did not reach the fixed signifi-
cance level. Phylogenetic tree analysis highlighted a close relationship between Namibian
and Mozambican strains and between strains from Nigeria, Ivory Coast, and Mozambique



Viruses 2023, 15, 207

50f9

(Figure S1). More specifically, based on the ML phylogenetic tree, it was possible to identify
different clades to which African strains belonged (herein named Clade A-H; see Figure S1).
Clade A included two strains from Ivory Coast and one from Tanzania, in addition to
European (mostly from Denmark but also Germany, Ireland, and Romania) and Asian
(China) strains. Clade B, including one strain from Tanzania, was composed essentially of
strains from Asia, i.e., China and South Korea). Clade C comprised strains from Namibia
and Mozambique plus three strains from Romania. Clade D included Nigerian strains only,
although a certain relationship with European strains was observed. Clade E included
strains from Mozambique, Denmark, and the Netherlands. Clade F included Namibian and
Denmark strains only. Clade G included European sequences plus one from Burkina Faso.
Finally, Clade H, although genetically homogenous, was highly heterogenous in terms of
the countries from which the strains were collected, since it included viruses from Ivory
Coast, Kenya, Nigeria, and Mozambique, in addition to European (i.e., Denmark, Romania,
the Netherlands, France, Belgium, Germany, and Spain) and Asian (i.e., China, India, and
South Korea) countries. One strain from Mozambique, Ivory Coast, Kenia, Burkina Faso,
and two from Senegal were not part of a well-defined clade, although they were closely
related to Asian and European strains.

Therefore, several countries harbored strains belonging to different clades, highly
suggestive of multiple introduction events: Burkina Faso (2 clades), Ivory Coast (4 clades),
Mozambique (3 clades), Namibia (2 clades), Nigeria (2 clades), and Tanzania (2 clades).

Viral dispersal over time suggested a probable European origin of the virus (Figures 2
and S3), where it persisted until the 1960s and thereafter migrated to Asia and North
America in the following twenty years. Since the beginning of the new millennium, Asia
and Europe emerged as the main sources of viral dispersal and introduction into African
countries. Within Africa spreading was also observed, although with higher uncertainty
and variability among datasets.

1940 W~ /7 19600 @ = /]
__ﬁ".f'.q..;ﬁ-__

Figure 2. Phylogeographic reconstruction of PPV1 migration among countries over time. Each
picture represents a different decade. The edges connecting the countries have been color-coded from
black to red based on the estimated age.
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4. Discussion

This study represents the first attempt to investigate PPV1 molecular epidemiology in
Africa and contextualize it within a worldwide scenario. The obtained results describing
the evolutionary dynamics of PPV1 are in complete agreement with those of previous
studies. Similarly, the high repeatability of output data using the independently generated
datasets testifies that sampling bias does not significantly affect the present inferences,
supporting the reliability of our results. The estimated substitution rate was approximately
107> substitutions-site~!-year~!, which reflects other authors’ work [4,5] and highlights
the high evolutionary potential of PPV1, as observed for several other ssDNA viruses.
As reported by Vereecke et al., using VP2 sequences, PPV1(tMRCA) was predicted at the
beginning of the previous century and, similarly to what transpired for other pig pathogens,
a constant increase in the population size occurred [5]. This highlights a prolonged, un-
detected viral circulation in the European swine population which initially likely caused
limited damage. The progressive intensification of farming systems sustained the increase
in viral circulation and prevalence and thereafter its global spread [31,32]. Modern farm-
ing conditions likely contributed, together with the emergence of other co-infections and
predisposing factors, to the emergence of PPV1 as an economically relevant, clinically
overt disease. A successive decrease in the viral population size was predicted from the
mid-2010s, in agreement with Vereecke et al. [5]. Such evidence is of particular interest
since the first vaccines were introduced in the early 1980s, although adequate vaccination
coverage was reached only years later and with high variability among countries. The long
latent period between vaccine introduction and its effect on viral circulation, although also
most probably confounded by the parallel increase in swine populations that sustained an
increase in the viral population, testify to the need for extensive immunization campaigns
and high population coverage to achieve successful results. Additional improvements in
biosecurity measures and the better control of other co-infections (e.g., PCV-2, PRRSV) that
occurred in those years probably also had a direct impact on PPV1 dynamics.

Viral circulation in a partially immune environment has also been proposed to be
involved in the evolution of PPV1 and the emergence of vaccine escape variants [5]. Par-
ticular attention has been paid to the 27a strain that has become predominant in Europe
and for which lower protection from infection with currently available vaccines has been
demonstrated [1]. Most of the African strains were closely related to this variant and, to
a lesser extent, to NADL-8. The phylogeographic analysis confirms these findings since
several links were estimated between African countries and Europe or Asia. Therefore, the
evolution of the epidemiological scenario in these regions directly affected the African one.
Overall, several clades that included strains collected in Africa were identified. Some of
these clades consisted of strains identified in Asian and European countries, strengthening
the evidence for intense worldwide circulation of PPV1 and the role of these regions in
strain importation in Africa. Of note, strains collected in the African countries were often
part of different, poorly related clades, which is highly suggestive of multiple introduction
events. Denmark, and to a lesser extent China, emerged as the most common origins of viral
dispersal. However, the limitations in data availability and the close genetic relationship
among strains circulating in Europe and Asia make it difficult to identify specific links
and to establish specific sources of virus since other countries seemed to be involved both
directly or as part of more extensive, undetected, transmission chains. Therefore, it is often
challenging to understand if the clustering of African strains with specific countries is due
to real epidemiological links or sequence paucity. Caution should therefore be exercised
when interpreting connections between countries in this context. Nevertheless, the overall
pattern can be assumed with a certain degree of confidence, being also supported by epi-
demiological evidence. Live swine or semen importation in Africa, although not common,
occurred (https:/ /www.fao.org/faostat/) especially in periods when internal sources such
as South Africa were excluded from trade due to African Swine Fever (2005 and 2016)
and Foot and Mouth disease outbreaks (2019 and 2022). Moreover, significant numbers of
pork products were also imported by South Africa which, in turn, was the main source
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of exportation to other African countries [33]. Unfortunately, the lack of data from this
region prevents definitive conclusions and so, more intensive sampling and sequencing are
recommended. Interestingly, several introduction events were predicted in the early 2000s,
which is compatible with the above-mentioned hypothesis. Similarly, Asia and China in
particular, have played an increasing role in African countries’ economies [34], including
the agricultural sector, thus increasing the risk of direct or indirect contact between animals
and their by-products. Similar connections have been reported for several infections affect-
ing both companion animals and livestock [35,36]. The high environmental resistance of
PPV1 could also point to more obscure, indirect, and long-distance transmission pathways.
Moreover, pig by-products are still commonly used for animal nutrition in several African
farms and could thus represent an important source of virus importation from foreign coun-
tries. Once introduced, some African strains were detected more than once, testifying to the
establishment of successful and persistent infections. Although some links between African
countries were also present, they were rare and involved mostly neighboring countries,
which suggests that PPV1 epidemiology in Africa is mainly shaped by strain introduction
(even through multiple events) from non-African countries followed by local evolution,
rather than intra-continental spread. However, the low number of African countries for
which sequences were available for this study could conceal a more complex scenario.

The present study has several limitations. The first is ascribable to the overall scarcity
and biased nature of global PPV1 molecular epidemiology data. The good concordance
among the randomly generated datasets and with other studies allows for confidence in
the obtained results, at least when interpreted in terms of overall trends and patterns. On
the other hand, we discourage any overstatement of fine-level interaction and connection
between country pairs since other links could be concealed by undersampling.

The other main limitation is that only partial VP2 sequences were obtained from
a limited number of African countries, which prevented an in-depth investigation of
phenotypic features and association with viral clinical/biological features. While we
recognize that complete VP2 sequences from a higher number of regions would have been
preferable to allow a better characterization of African PPV1 molecular epidemiology and
evaluate the potential determinants of virulence, tropism, and cross-protection [9], we
also need to stress the challenges of undertaking a standardized research project involving
several countries with different priorities and limited resources. Therefore, this study
was mainly based on the samples collected during non-specific animal disease diagnostic
activities. We hope that these results, although preliminary and improvable, will prompt
new efforts to refine such investigations.

Despite these shortcomings, it was possible to imply the circulation of several PPV1
strains characterized by significant genetic variability, largely originating from multiple
introductions from Europe and Asia. Most of the strains were closely related to virulent
strains, including the 27a, for which a sub-optimal cross-protection conferred by the cur-
rently available vaccine has been proven. Currently, PPV1 vaccination is extremely rare in
Africa, even in intensive farms due to economical constraints. Although current vaccines
still appear to be beneficial in the control of clinical disease, their introduction should be
carefully considered in light of their limitations and the peculiarities of the African scenario.
Therefore, significant efforts should be made to decrease the risk of the introduction of
new strains, evaluate the efficacy of vaccination, assess the economic impact of PPV1 in
the African context, and estimate the cost-benefits of different control strategies to allow a
proper prioritization of limited resources.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/v15010207 /s1, Figure S1: Maximum likelihood phylo-
genetic tree based on the partial VP2 gene. The collection continents have been color-coded.
Figure S2: Well-supported viral migration rates among countries estimated using different runs.
The Bayesian Factor (BF) featuring each connection has been color-coded. Figure S3: Time-scaled
maximum clade credibility trees obtained based on different datasets. The tree branches have been
color-coded according to the most likely estimated country while the country posterior probability is
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displayed as a circle whose size is proportional to the probability value. Table S1: Dataset reporting
the African strains used in the present study and the relative metadata. The Accession numbers of
the strains obtained in the present study are also reported. Table S2: Dataset reporting the sequences
used in the present study and the relative metadata. Table S3. Pairwise genetic distance calculated
for both worldwide and African strains.
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