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Abstract

This paper describes the results of two experiments regarding porcine reproductive and respiratory syndrome virus
(PRRSV1): the first one studied the existence of bottlenecks in an experimental one-to-one model of transmission in
pigs; while the second analysed the differences between viral quasi-species in vaccinated pigs that developed shorter
or longer viraemias after natural challenge. Serum samples, as well as the initial inoculum, were deep-sequenced and
a viral quasi-species was constructed per sample. For the first experiment, the results consistently reported a reduc-
tion in the quasi-species diversity after a transmission event, pointing to the existence of bottlenecks during PRRSV1
transmission. However, despite the identified preferred and un-preferred transmitted variants not being randomly
distributed along the virus genome, it was not possible to identify any variant producing a structural change in any
viral protein. In contrast, the mutations identified in GP2, nsp9 and M of the second experiment pointed to changes
in the amino acid charges and the viral RNA-dependent RNA polymerase structure. The fact that the affected proteins
are known targets of the immunity against PRRSV, plus the differential level of neutralizing antibodies present in pigs
developing short or long viraemias, suggests that the immune response selected those changes.

Introduction

The comprehension of how the transmission of patho-
gens occurs is key to the understanding of infectious dis-
eases. Most often, the source of excretion, the route of
transmission, the portal of entry and the minimum infec-
tive dose, when known, are common features to charac-
terize transmission. However, it is increasingly evident
that transmission is an extremely complex phenomenon;
for example, the existence of bottlenecks during host-
to-host transmission [1]. A bottleneck can be defined
as a sharp reduction in size (population bottleneck) or
diversity (genetic bottleneck) in a population. Focusing
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on pathogen transmission, the existence of such bottle-
necks must be examined with consideration to the por-
tal of entry in the recipient host and the pathogen source
(blood, nasal secretion, faeces, etc.). Since a pathogen
may be present in different tissues, organs, or fluids,
each one might be considered a compartment with its
own particularities. The pathogen population contained
in the compartments where the transmission to the next
host occurs is termed transmissible population; whereas
the successful infectors in the recipient host are called
founder variants or transmission founders. The location,
size, and genetic diversity of the transmissible population
can influence the founder population after a transmission
event [2—4].

Successful transmission founders can be thought of
as either the result of a non-selective bottleneck—the
particles that crossed by chance the portal of entry—,
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or viewed as a selective bottleneck, where only the vari-
ants fit enough to cross the portal of entry are trans-
mitted. In the case of RNA viruses, which exist as
quasi-species, these different scenarios could imply
very different outcomes. On the one hand, a non-
directional unspecific bottleneck would produce a new
quasi-species cloud from randomly selected variants.
In contrast, on the other hand, a directional bottleneck
would promote the expansion in the recipient host of
variants derived from founders fit for transmission that
are subsequently selected, since they are not necessarily
the fittest, neither the most efficient for replication in
the host.

There are other factors, such as the immune status
of the host that may influence the diversity of a quasi-
species for example, in Human Immunodeficiency Virus
(HIV) [5], Influenza A Virus [6] and Hepatitis C virus
(HCV) [7], continuous diversification has been consid-
ered the means by which the virus escapes the immune
system and establishes a persistent chronic infection.
However, other additional factors, such as the antigenic
cooperation between intra-host variants, may permit
immune adaptation, leading to the co-existence of viral
variants with different capacities to bind antibodies or to
be attacked by the cell-mediated immunity [8, 9].

The ex vivo study of founder variants and the quasi-
species evolution in humans is challenged by the diffi-
culty of determining the precise timing of transmission
and the associated quasi-species distribution in the
donor. However, in animal models this can be examined
in a more controlled environment. As a result, transmis-
sion bottlenecks and quasi-species variation can be more
precisely determined.

Porcine reproductive and respiratory syndrome (PRRS)
is one of the most economically detrimental pig diseases.
It is caused by PRRS virus (PRRSV), a positive-sense,
single-stranded RNA virus in the Arteriviridae fam-
ily within the order Nidovirales, which exhibits one of
the highest substitution rates observed [10, 11]. Experi-
mental models to study PRRSV are well known and have
been used in transmission studies [12, 13]. The immune
response against PRRSV is unusual, since neutralizing
antibodies appear late and cell-mediated immunity has
an erratic course lasting weeks. However, after several
weeks of viraemia, the virus is confined to the lymphoid
tissue and eventually cleared [14, 15]. Neutralizing anti-
bodies may protect against the homologous infection in a
dose dependent way [16], although heterologous protec-
tion cannot be predicted [17]. In addition, there is a large
individual variation in the immune response [18]. As a
result, when a vaccinated animal is challenged with a het-
erologous strain, viraemia usually develops, but generally
of shorter duration than in a naive animal.
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In the present study we used Next Generation
Sequencing (NGS) to analyse the quasi-species diversity
and evolution in a transmission model of PRRSV in order
to: (i) characterise and compare the transmissible popula-
tion and the founder variants in intra-nasally inoculated
and naturally infected animals, (ii) compare the diversity
at early and late phases of viraemia and, (iii) identify the
differences in the viral quasi-species between vaccinated
pigs developing short and long viraemias after being in
contact with infected pigs.

Materials and methods

Animal experiment

Samples used in the present study were obtained in the
course of a previous experiment aimed to determine the
transmission of PRSRV in a one-to-one basis [12]. Table 1
and Figure 1 summarizes the first experiment regard-
ing transmission, where two different scenarios were
examined. The first one studied animals experimentally
infected by the intranasal route with a PRRSV inocu-
lum produced in Porcine Alveolar Macrophages (PAM)
(n=9); the second scenario studied cases of transmission
by contact in naive pigs (n=>5). In all cases, the serum
samples used were collected on the first observed day of
viraemia in the recipient, usually day 2 after inoculation
or contact. When transmission occurred by contact, the
donors’ serum of a sampling point prior to the transmis-
sion event (usually 1-3 days before the onset of the virae-
mia in the recipient) was analysed. Additionally, since
samples at later viraemia stages were available, we exam-
ined the changes in the diversity throughout the viraemic
period. Oral fluid samples were also available and might
have been more representative than sera to characterize
the transmissible quasi-species population. However, the
viral load present in those samples was insufficient—even
after cell passage—to carry out a successful NGS analysis.

In a second experiment, the changes in the viral quasi-
species present in blood of vaccinated animals that
were infected by contact with seeder pigs were exam-
ined (n=11). For this purpose, the last day of viraemia
was analysed. In this later experiment, animals were
seen to develop long viraemias (>7 days) or short virae-
mias (<7 days) and were classified accordingly into two
groups: short viraemia (SV, n=7) or long viraemia (LV,
n=4). Since in some cases the amount of virus in blood
was not enough to proceed directly to NGS, all samples
were subjected to a single passage in PAMs in order to
maintain similar conditions for all.

For the first experiment, the inoculum used was a
sixth passage of strain CReSA3267 (Accession Num-
ber JF276435). The percentage of nucleotide differences
between the quasi-species present in the inoculum
and the one in the vaccine batch was 10.6%. In both
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Table 1 Variation of the viral load and nucleotide diversity () in transmission events and between days of viremia

Group Animal n°® Viremic day Viral load n Difference Difference
between donor between consecutive
and recipient samples
Inoculum produced in PAM N.A. 0.0127
Inoculated animals D1 1 7.91E4+06 0.0045 —0.0082
6 6.04E4-05 00182 +0.0137
13 6.18E+06 0.0239 +0.0057

D2 1 1.24E4-05 0.0091 —0.0036
3.23E4+05 0.0124 +0.0033
13 1.24E+405 0.0115 —0.0009

D3 1 1.07E+06 0.0064 —0.0063
13 1.15E407 0.0075 40.0011

D4 6 3.46E4-05 00117 —0.0010
13 2.14E4+-06 0.0528 +0.0411

D5 1 1.11E4+-06 0.0123 —0.0004
13 6.09E+05 0.0132 -+0.0009

6 1 5.66E+05 0.0305 +0.0178
6 1.40E4-07 0.0308 -+0.0003
15 1.97E4+05 0.0097 —0.0211

7 1 3.60E+06 0.0072 —0.0055
13 5.88E+05 0.0524 +0.0452

8 1 5.71E4+05 0.0064 —0.0063
06 737E4+04 0.0152 -+0.0088
13 2.66E+06 0.0088 —0.0064

9 1 4.81E406 0.0091 —0.0036
6 2.58E+05 0.0041 —0.0050
13 1.64E4++06 0.0335 +0.0294

Naive infected by contact R1 1 1.23E407 0.0031 —0.0151
6 4.60E4-04 0.0119 +-0.0088
22 5.99E4-03 0.0178 +0.0059

R2 1 1.63E4+06 0.0108 —0.0090
8 241E407 0.0091 —0.0017
15 2.25E4+03 0.0109 +0.0018

R3 3 2.76E+4+05 0.0134 +0.007

10 8.57E4+06 0.0165 —0.0031

R4 1 3.17E406 0.0092 —0.0025
5 2.90E+08 0.0065 +0.0027

R5 3 6.06E4+06 0.0069 —0.0054
10 5.97E+406 0.0099 +0.0030

The table shows the difference in nucleotide diversity between: (i) the transmissible population in sera for the donor before the transmission and the founders in

the recipient at the first day of viremia, and (ii) samples of the same animals in different days of the virological course. The difference of nucleotide diversities was
calculated by subtracting the m value of a given day from the m value the previous examined day. For the first day of each animal the difference was calculated with
regards to the inoculum (inoculated animals) or with regards to the diversity of the donor (D1 to D5) on the likely day of transmission (transmission by contact) to the
corresponding recipient (R1 to R5) animals. In italic, the most likely day of transmission for the donor animals.

experiments, viral load in blood was determined by one
step RT-PCR (qRT-PCR) targeting PRRSV ORF7 using
the method described by Pileri et al. [19].

NGS protocol
As stated above, all sera were previously passaged once in
PAM. Cell culture supernatants were firstly centrifuged

up to 14 000 g in order to remove potential debris. After-
wards, total RNA was extracted using the Trizol LS© rea-
gent following the manufacturer’s instructions. Extracted
RNA was assessed by spectrophotometry at 260 nm and
280 nm and used in the PRRSV-specific qRT-PCR as pre-
viously stated for determining concentration of RNA and

purity.
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A n=0.0127

Intranasal Nebulizer

Naive 1 Naive 2 Naive 3 Naive 4 Naive 5 Naive 6 Naive 7 Naive 8 Naive 9
n=0.0045 1=0.0091 n=0.0064 n=0.0092  n=0.0103 - n=0.0072  n=0.0064  n=0.0091
" (=)
Seeder 1 (D1) Seeder 2 (D2) Seeder 3 (D3) Seeder 4 (D4) Seeder 5 (D5)
1=0.0182 1=0.0124 =0.0064 1=0.0117 n=0.0123
Naive 1 (R1) Naive 2 (R1) Naive 3 (R3) Naive 4 (R4) Naive 5 (R5)
1=0.0031 1=0.0034 - 1=0.0092 1=0.0069

Figure 1 Summary of the 14 transmission events studied. A Intranasal inoculation of 9 naive pigs using a nebulizer; B Experimental infection in
a 1:1 basis of 5 non-vaccinated naive pigs (R1 to R5) from seeders (D1 to D5). Nucleotide diversity (1) estimations of the donor population (orange
boxes) and the founder variants, in green boxes if the global diversity decreased and in red if an increase was reported. The donor animals, the
recipient animals, and the nucleotide diversity estimations are also depicted in Table 1.

The assessment of PRRSV diversity within each sample
was characterised directly from RNA without any previ-
ous amplification step using a NGS approach developed
by our group. The procedures included: (i) construction
of a genomic library for Illumina NGS sequencing using a
commercial protocol and reagents (Protocol for use with
Purified mRNA or rRNA Depleted RNA and NEBNext®
Ultra™ II RNA Library Prep Kit for Illumina® New Eng-
land Biolabs), (ii) trimming of low quality reads (QC>20
as determined by FastQC®software, Babraham informat-
ics) using Trimmomatic® [20], (iii) mapping of the reads
against strain CReSA3267 using the Burrows-Wheeler
Aligner applying the BWA-MEM algorithm for long
reads [21], (iv) variant calling with SnpSift© to determine
the frequency of each nucleotide at each position of the

reference genome and, (v) construction of the viral quasi-
species in fasta format.

Validation of the procedure, estimation of the PAM
passage error rate and quality control check

Given that the samples used were cell culture super-
natants, it was necessary to validate the technique for
ascertaining the potential bias introduced between
PAM-passaged and un-passaged samples. For this pur-
pose, four serum samples with high viral load (> 10° viral
genomes/mL after quantification by qRT-PCR) were
directly deep-sequenced. In parallel, the same four sera
were single passaged in PAM during 72-96 h and the cell
culture supernatants were also deep-sequenced. Both
samples were then filtered against the reference genome
and a quasi-species for each one was constructed. Finally,
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both quasi-species were compared. To be admitted to
further analysis, a sample should produce a complete
genome with at least a depth of 100 reads per nucleotide
position.

Nucleotide diversity estimations and frequency changes
per position in the transmission events

To assess the change in the diversity of viral populations
in the different transmission cases, the calculation of the
nucleotide diversity (i) was performed using DNAsp
[22]. These calculations were done comparing respec-
tively: (a) the diversity in the PAM inoculum versus the
diversity in the samples collected the first day of viraemia
in experimentally inoculated animals and, (b) the diver-
sity on the first day of viraemia of animals infected by
contact versus the diversity in the sample of the donor on
the most likely day of transmission. Additionally, with the
transmission by contact cases (5 animals) the frequency
of each nucleotide in each position in the donor and the
recipient were compared to estimate what nucleotides
increased or decreased their frequency in the transmis-
sion event. Frequency changes above 4.9% were arbitrar-
ily considered relevant.

Analysis of molecular variance (AMOVA) in vaccinated
animals

In the case of vaccinated animals, it was considered key
to identify nucleotide positions that could be differen-
tially selected in animals with longer or shorter viraemias.
Therefore, firstly animals were grouped according to the
viraemia as stated before (Long viraemias, LV,>7 days,
or short viraemias, SV,<7 days). Then, the average fre-
quencies of each nucleotide per position and group were
compared using AMOVA in Arlequin ver 3.5.2.2 [23].
Positions presenting a Fct>0.05 were selected for further
analysis.

Screening of potential changes in the amino acid
composition in the viral proteins

For all cases (transmission to naive or vaccinated ani-
mals), the resulting reads were ordered to represent the
different viral proteins known. Once this was done, the
potential changes in codons for the positions showing
changes above the considered threshold (4.9%) for fre-
quencies of nucleotides were analysed.

As a first step, each change potentially causing the
appearance or increase of a non-synonymous codon
was annotated in the corresponding domain of the pro-
tein if known. Then, by bibliographic review, the affected
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positions were assessed for a known function. In addi-
tion, the changes in the protein structure were evaluated
using SWISS-MODEL [24]. The 3D structures were built
up choosing the default parameters in the program and
the potential modification in the charge of the protein or
site were evaluated.

Results

The RNA NGS method was suitable for assessing viral
quasi-species

Deep sequencing results for PRRSV1, obtained from four
un-passaged sera with high viral loads and from four cell
culture supernatants of single-passaged samples from
the same sera, produced similar viral quasi-species. The
observed differences between the quasi-species, obtained
from un-passaged sera and the isolated virus, ranged
between 1 and 3 nucleotides for every 10 000 nucleo-
tides. So, the results obtained from un-passaged sera or
single-passaged isolates only differed at this error rate,
which was considered an acceptable bias.

The quality scores (QC) of the NGS runs were above
30 in all the analysed samples (equivalent to equal or less
than 0.1% error in the reads obtained), yielding a depth of
reads for viral sequences above 115 in all cases. With this
depth, variations in the range of percentage units could
be determined.

The characterization of PRRSV transmission events
supports the existence of bottlenecks

The transmission experiment scheme and results are
summarized in Table 1 and Figure 1. In 8/9 of the intra-
nasally inoculated naive pigs, the viral population in
blood at the onset of viraemia showed lower diversity
compared to the initial inoculum. Similarly, in 4/5 of
the naive pigs infected by direct contact with a seeder,
the observed nucleotide diversity was lower compared
with their seeder counterparts. As a whole, and assum-
ing the limitations of the method, the results pointed to
a reduction in the diversity of the founders compared to
the transmissible population, supporting the existence of
a bottleneck during PRRSV transmission events.

Taking advantage of the availability of serial samples
during the virological course of each animal, it was pos-
sible to compare the diversity at different stages (Table 1).
After the initial reduction during transmission, nucleo-
tide diversity increased in most pigs analysed, although
in some animals this was not the observed pattern.
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(Figure 1B). Only positions with variations larger than 5% are shown.

Un-preferred transmitted variants

Figure 2 Preferentially and un-preferred transmitted variants. Mean percentage of variation in nucleotide frequencies along the PRRSV1
genome of the identified preferred or un-preferred transmitted variants in the transmission events between infected and naive pigs studied
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Preferred and un-preferred transmitted variants are
differentially distributed along the PRRSV genome

Mean frequency differences for each nucleotide in every
genome position were calculated for the transmission
events where naive acceptors were infected by seeder
pigs (Figure 1B). For this section we used only data from
pigs infected by contact, since for the inoculated pigs
(Figure 1A), the PAM propagated inoculum might have
had shown some level of adaptation to the cell passages
and this might have masked the true changes associ-
ated with transmission fitness. Figure 2 shows the mean
increase or decrease in the frequencies of each nucleotide
per position between the quasi-species of the transmissi-
ble population and the transmitted founders (only values
larger than 5% are shown). An increase in the nucleotide
frequency was associated with a preferentially transmit-
ted variant, while a decrease was identified as an un-pre-
ferred transmitted one. Along the PRRSV1 genome, 65
variants in 32 positions were detected (32 preferred and
33 un-preferred). Nineteen nucleotide variants produced
synonymous changes, while 13 variants induced potential
amino acid changes. These mutations were consistently
reported in the quasi-species within both transmissible
populations and transmitted founders, indicating that
the mean differences reported were not caused by results
observed in single transmission events.

A salient feature exhibited was the non-random distri-
bution of the affected positions: 10 in nsp2 region (31%,
4 synonymous and 6 non-synonymous), 3 in nsp4 (9%,
2 synonymous and 1 non-synonymous), 3 in nsp9 (9%,
all synonymous), 6 in nsp10 (19%, 3 synonymous and 3

non-synonymous) and 3 in ORF5 (9%, 1 synonymous and
2 non-synonymous).

Next, we examined and related the non-synonymous
changes with the regions and known features of the
encoded proteins. The six amino acid changes detected
within nsp2 fell in the two hypervariable regions flank-
ing the papain-like cysteine protease domain, with one
change (GIn-336-Lys) located in the B Cell epitope site
3 proposed by Oleksiewicz et al. [25] and a second one
(Tyr-736-His) falling in a non-conserved epitope induc-
ing IFN-y and IL-10 responses, as reported by Burgara-
Estrella et al. [26]. In nsp4, an Ile-142-Leu change was
located in the middle B-barrel domain II of the main
PRRSV proteinase 3C-like protease, but the mutation
did not result in any substantial change of the 3D struc-
ture of the protein. The single change detected in nsp5—
Leu-32-Phe—was located in a transmembrane domain.
Regarding nspl0, 2/3 amino acid changes identified in
this protein fell in the Zinc-binding domain, while the
third was located in the C-terminal domain. One of the
affected residues, located at position 46, preferentially
changed from Ser to Gly during the transmission events.
Finally, in GP5 two nucleotide mutations in the first and
second position of a codon led to the change Ile-36-Asp
in the hypervariable ectodomain of GP5, just after a sig-
nal peptide cleavage site. None of the above-mentioned
changes produced a relevant structural change in any
protein.
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Figure 3 Quasi-species differences between vaccinated animals. Location of the nucleotide positions along the PRRSV1 genome showing
differences between two groups of vaccinated animals developing short (n=7) or long viraemia (n=4) against PRRSV1 infection (calculated as Fct
results, only values > 0.05 are shown). Synonymous changes are marked with blue dots, while red dots identify non-synonymous changes.

Differences in viral quasi-species between short- vs
long-viraemic pigs are mostly located in nsp9 and ORF2

In PRRS, immunity against heterologous viral strains
is considered partial and, consequently, the infection of
vaccinated animals is possible if a heterologous strain
is used. After examining transmission to naive pigs, we
compared the viral quasi-species in two groups of vacci-
nated pigs infected by contact through seeder penmates
in a one-to-one basis. Those vaccinated animals devel-
oped viraemias that were classified as long (LV'>7 days) or
short (SV<7 days). The results indicated a different distri-
bution of the changes in nucleotide frequencies between
groups along the viral genome (Figure 3). As in the first
experiment, mutations were consistently reported within
LV and SV groups of quasi-species. Forty-five of the 55
positions (81.8%) identified were located in the nsp9 (37
positions, 64%) and ORF2 (8 positions, 15%); while these
two proteins only account for 17.8% of the nucleotide
positions in the viral genome. Remarkably, in all these
55 positions, the nucleotide variants characterising the
LV group coincided with the nucleotide present in the
original strain causing the infection, while the SV group
always showed a different nucleotide. When the nucleo-
tide variants present in the SV and LV were translated,
most variants (43) generated the same amino acid (blue
dots in Figure 3), but 12 introduced amino acid changes:
2 located in nsp2, 5 in nsp9, 3 in ORF2 and 2 in ORF6
(red dots in Figure 3).

In addition to this, both SV and LV groups shared an
increase in the frequency of Lys at amino acid 106 of GP5
(13% in SV'and 21% in LV), instead of the 106-Gly present
at 100% in the initial inoculum.

Again, non-synonymous changes were examined
for potential biological significance. The two changes
identified in nsp2, Ala-392-Thr and Pro-669-Ser, fell
in the B-cell epitopes 4 and 7 described by Oleksiewicz
et al. [25]. In nsp9, one of the key enzymes for PRRSV

synthesis, all the amino acid changes identified were
located in the viral RNA-dependent RNA polymerase
(RdRp), encoded by the C-terminal domain. The com-
parison of the RdRp 3D structures between SV and LV
groups (inferred with SWISS-MODEL) indicated that the
amino acid changes Lys-338-Arg and Lys-641-Arg did
not produce any evident structural change. On the con-
trary, the change Gly-387-His, caused by changes in the
three nucleotide positions of the codon, induced a struc-
tural modification. The presence of a 387-Gly in SV group
resulted in the formation of an «a-helix between residues
384-388 and reduced the positive charge at the opposite
side of the active centre of the protein, where Mg2+ mol-
ecules bind (Figure 4).

In GP2, the three amino acid changes identified,
namely Gln-146-Arg, Val-151-Ala and His-184-Arg, fell
in the ectodomain, slightly downstream the linear B-cell
epitopes proposed by De Lima et al. [27] and Oleksiewicz
et al. [28]. The amino acid changes reported for this pro-
tein implied more positively charged residues in LV com-
pared to SV group.

Finally, the last two amino acid changes, Asp-10-
Asn and Stop-25-Tyr, were located in the short stretch
exposed at the virion surface in the N-terminal ectodo-
main of protein M, encoded by ORF6. Those positions,
especially the Asp-10-Asn, were close to the residue
8-Cys that forms a disulphide bond with the 50-Cys of
GP5 protein. The 10-Asp-Asn implies a charge modifica-
tion from neutral (LV) to negative (SV).

Discussion

With the introduction of NGS technologies, the experi-
mental analysis of viral genetic diversity has changed
dramatically. Due to its massively parallel approach, NGS
generates millions of reads that cover every nucleotide
position. Hence, low-frequency variants within viral
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Figure 4 Structural differences between RNA-dependent RNA polymerases. 3D-structures of the PRRSV1 RdRp based on the translated
sequences of nsp9 from the viral quasi-species of the inoculum (A), long (A) and short (B) viraemic pigs. The NTP and template channels, the dsRNA

quasi-species can be adequately detected and character-
ized [29] and it is possible to see variations that, although
significant, would remain unnoticed using Sanger
sequencing. However, the usefulness of NGS for viral
diversity estimations depends crucially on the quality of
the sample and on the procedure to prepare it [30]. In the
present work we applied a tailor-made NGS method to
characterize the diversity of PRRSV quasi-species with-
out the need of primers. The method omitted the PCR
amplification step and used instead a single passage in
PAM when needed because of the low amount of virus
present in many of the samples. By using PAM, the same
cells that support viral replication in the host, a low bias
was generated in a single passage, and the error rate pro-
duced was also very low. This approach could be useful
for other viruses that cannot be analysed directly by NGS
from biological samples because of the low titres present.

As stated, virus populations may face bottlenecks dur-
ing the infection cycle [1]. When transmission takes place
through a mucosal portal of entry, infection is usually
initiated by a limited number of viral particles compared
to the total number of particles reaching that portal [4].
Besides population bottlenecks, there are many exam-
ples of extreme genetic bottlenecks in RNA viruses such
as HIV (see reviews by [4, 31], HCV [32-34] and Simian
immunodeficiency virus [35].

In most of the experimentally inoculated pigs and the
animals infected in a quasi-natural way by contact with
infected seeder pigs, viral diversity was reduced during
transmission, supporting the existence of a bottleneck

during PRRSV infection. The nature of such a bottle-
neck is more difficult to determine. The changes in the
nucleotide diversity were not scattered randomly across
the viral genome but focused in a few targets. Before-
hand, one could think that the structural proteins inter-
acting with the target cells would be the most affected
ones, since they are the first interacting with the mucosa
surface. Interestingly, this was the case with GP5, the
viral glycoprotein establishing the first interaction with
porcine sialoadhesin, one of the viral receptors on the
macrophage surface [36]. The preferentially transmitted
variant introduced a change in position 36 favouring an
Asp, a more acidic amino acid. It is difficult to interpret
this result, but it is located close to a potential glycosyla-
tion site and adjacent to the neutralization epitope in GP5
[37]. It is tempting to hypothesize a potential increased
interaction between GP5 and sialoadhesin favoured by
the higher polarity of the 36-Asp variant. It is also worth
noting that all but one of the other favoured changes
affected non-structural proteins, pointing towards the
selection of variants with different replication charac-
teristics, although the result of the precise amino acid
changes could not be ascertained from the literature.
After the initial diversity reduction during the trans-
mission event, the viral diversity of the circulating quasi-
species increased in most cases, as expected in an initial
expansion of a viral population in a naive animal. After-
wards, in later stages, diversity could increase or fall but
since a detailed characterisation of the immune response
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at each timepoint was not performed, the causes are not
clear.

The third objective of this work was to analyse the
quasi-species differences between two groups of vac-
cinated pigs developing short and long viraemia. In the
present work, the duration of the viraemia was corre-
lated with the titres of neutralizing antibodies against
the virus; LV pig titres ranged between 2 and 3 log2,
while the observed values for SV pigs moved between
4 and 6 log2 [10]. Therefore, beforehand, main changes
were expected to be located in potential targets for the
neutralizing antibodies. Neutralizing antibodies for
PRRSV have been reported to be induced by GP2, GP3,
GP4, GP5 and M proteins [16, 38]. In the present case
most of the changes in SV occurred in nsp9, followed by
OREF2 that encodes GP2 (Figure 3). The 3D modelling of
nsp9 (RdRp, Figure 4) showed that the introduction of a
387-Gly-His after mutations in the three nucleotides of
the codon, produced a change in the folding of the pro-
tein, from linear to a-helix. This change resulted in the
absence of a positively charged group opposite to the site
of union of Mg?*, and would probably cause a modifica-
tion in the electrostatic forces involved in the interaction
with the NTP channel. It can be hypothesized that such
a change would affect the efficiency of RNA synthesis;
thus resulting in lower expression of the viral epitopes as
a mechanism of escape. Unfortunately, with the analyses
performed, this hypothesis cannot be proven.

Regarding the changes in the ORF2, the variants
found in SV also resulted in a less charged protein. GP2
is known to build a complex with GP3 and GP4 that
interacts with CD163 [39], the essential cell receptor for
PRRSV [40, 41]. Again, it cannot be established if the
changes in GP2 polarity reported modify any of these
interactions, either with GP4 or CD163.

Apart from the aforementioned changes in nsp9 and
ORF2, an additional interesting change was observed in
the M protein encoded by ORF6. In the present study,
for SV pigs, the mutation 10-Asp introduced a negative
charge close to the residue 8-Cys that establishes a disul-
phide bond with the residue 50-Cys of GP5 [42]. GP5
and M form a heterodimer that interacts with heparan
sulphate during PRRSV attachment; and later on, with
sialoadhesin during the internalization of the virus [36,
43, 44]. The disruption of this bond correlated with the
loss of viral infectivity in other members of the Arteri-
viridae family, such as Lactate dehydrogenase-elevating
virus [45] and Equine arteritis virus [46]. The negative
charge present in 10-Asp (SV) may interfere in the disul-
phide bond between GP5 and M. Therefore, potential
weaker interactions with heparan-sulphate and siaload-
hesin may be induced in the variants present in SV pigs.
Another study showed that a single deletion adjacent to
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this disulphide bond produces the escape from a neutral-
izing antibody targeting an epitope located in GP5 [47]. It
is tempting to think that this may be a similar case.

Interestingly, in both groups of vaccinated animals,
compared to the initial inoculum a significant change
favouring 106-Lys instead of 106-Gly was observed. The
position 106 in PRRSV1 corresponds to 104 in PRRSV2.
Fan et al. [48] showed that a substitution of 104-Gly by
104-Arg resulted in a decreased susceptibility to neu-
tralization. Both Arg and Lys are hydrophilic amino
acids of alkaline pK positively charged, while Gly is a
non-charged amino acid. Therefore, it is reasonable to
think that the change 106-Lys in PRRSV1 may act simi-
larly to the 104-Arg in PRRSV2 and results in an escape
mechanism in the presence of neutralizing antibodies.

Most of the mutations reported between LV and SV
groups (10 out of 12) are commonly present among the
PRRSV1 complete genomes available in GenBank, except
the mutations 387-Gly in nsp9 and 25-Stop in ORF6—
characteristic of the SV group—that are rarely reported.

In the context of animals with higher titres of neutral-
izing antibodies, as observed in the SV group [12], the
changes reported in GP2 and M could be understood
as escape mutations. The lower antibody titres in the
LV group probably prevented those changes from being
positively selected, and the major variants present in the
initial inoculum remained the commonest. In contrast,
changes in 106 of GP5 seem to be common to all ana-
lysed animals. It was proposed that T-cell responses con-
tributed to partial levels of cross-protection in PRRSV,
and therefore, the changes observed in nsp9 could be
seen as escape variants [49], or as a means of escaping
by producing very low levels of antigen. Potential T-cell
epitopes for PRRSV have been proposed for nsp9 [50], as
well as for the RdRp of other Nidovirales [51, 52]. It could
be conjectured that those changes in nsp9, GP2 and M
may result in less efficient viral variants for, either inter-
action with the cell receptor, or replication. This scenario
would imply that in animals with higher levels of immu-
nity, the variants escaping the immune system would not
be fit enough to maintain a viable quasi-species cloud,
and consequently, the viral population would collapse.
Accordingly, nsp9, GP2 and M would be clear targets for
new vaccine development. These results highlight the
importance of the immune system of the host, and spe-
cifically the neutralizing antibodies, to efficiently com-
bat and clear PRRSV infection. The role of neutralizing
antibodies as a correlate of protective immunity against
PRRSV is well known (reviewed in [16]).

In summary, the present report shows a feasible
approach to study transmission events and changes in
viral quasi-species during the course of an infection in
pigs. The results were compatible with the existence of
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a transmission bottleneck for PRRSV and showed some
targets for understanding the effects of the immune
response on viral diversity. This pig model could be used
to study human diseases such as influenza and to gain
understanding of how transmission of RNA virus occurs.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

MC, GA, EP, GMV and EM selected the samples. MC, GA, EP and GMV per-
formed the laboratory work. MC and GA wrote the script. MC, GA, GMV and
EM analysed the samples and discussed the results. MC, GMV and EM wrote
the manuscript. All authors read and approved the final manuscript.

Acknowledgements
Esmeralda Cano and Dr Yanli Li made valuable contributions to sample selec-
tion and laboratory work.

Author details

! Departament de Sanitat i d’Anatomia Animals, Universitat Autonoma de Bar-
celona, 08193 Cerdanyola del Vallés, Spain. ? IRTA, Centre de Recerca en Sanitat
Animal (CReSA, IRTA-UAB), Campus de la Universitat Autonoma de Barcelona,
08193 Cerdanyola del Vallés, Spain.

Availability of data and materials

The datasets used and/or analysed during the current study, including the
NGS outputs, and the script developed are available from the corresponding
author on request.

Ethics approval and consent to participate

Pig serum samples were re-used from a former experiment done under
permission of the Ethics Committee for Human and Animal Experimentation
at the Universitat Autdonoma de Barcelona and by the Commission for Animal
Experimentation at the Departament de Medi Ambient i Habitatge (no 5796) of
the Autonomous Catalan Government.

Funding

This work was partially funded by MSD Animal Health to cover for part of the
material expenses of the experiments described. The authors did not receive
any salary or economic compensation from MSD Animal Health. Funding was
provided by Ministerio de Economia y Competitividad (Grant Nos. AGL2014-
61204-JIN and RYC-2015-17154), Ministerio de Educacion de la Nacion.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 20 July 2018 Accepted: 9 October 2018
Published online: 19 October 2018

References

1. Gutiérrez S, Michalakis Y, Blanc S (2012) Virus population bottlenecks
during within-host progression and host-to-host transmission. Curr Opin
Virol 2:546-555

2. BUllRA, Luciani F, McElroy K, Gaudieri S, Pham ST (2011) Sequential bot-
tlenecks drive viral evolution in early acute hepatitis C virus infection.
PLoS Pathog 7:1002243

3. Sobel Leonard A, McClain MT, Smith GJD, Wentworth DE, Halpin RA, Lin X,
Ransier A, Stockwell TB, Das SR, Gilbert AS, Lambkin-Williams R, Ginsburg
GS, Woods CW, Koelle K (2016) Deep sequencing of influenza A virus
from a human challenge study reveals a selective bottleneck and only
limited intra host genetic diversification. J Virol 90:11247-11258

4. Tully DC, Ogilvie CB, Batorsky RE, Bean DJ, Power KA, Ghebremichael M
(2016) Differences in the selection bottleneck between modes of sexual

20.

AR

22.

23.

24.

25.

26.

Page 10 of 11

transmission influence the genetic composition of the HIV-1 founder
virus. PLoS Pathog 12:¢1005619

McKinnon LR, Kaul R, Herman M, Plummer FA, Ball TB (2010) HIV-specific T
cells: strategies for fighting a moving target. Curr HIV Res 8:587-595
Kosik I, Ince WL, Gentles LE, Oler AJ, Kosikova M, Angel M, Magadén JG,
Xie H, Brooke CB, Yewdell JW (2018) Influenza A virus hemagglutinin gly-
cosylation compensates for antibody escape fitness costs. PLoS Pathog
14:21006796

Von HahnT, Yoon JC, Alter H, Rice CM, Balfe P, McKeating JA (2007)
Hepatitis C virus continuously escapes from neutralizing antibody and
T-cell responses during chronic infection in vivo. Gastroenterology
132:667-678

Diaz-Mufoz SL, Sanjuan S, West S (2017) Sociovirology: conflict, coopera-
tion, and communication among viruses. Cell Host Microbe 22:437-441
Skums P, Bunimovich L, Khudyakov Y (2015) Antigenic cooperation
among intra host HCV variants organized into a complex network of
cross-immunoreactivity. Proc Natl Acad Sci U S A 21:6653-6658

. Forsberg R (2005) Divergence time of porcine reproductive and respira-

tory syndrome virus subtypes. Mol Biol Evol 22:2131-2134

. Forsberg R, Oleksiewicz MB, Petersen AM, Hein J, Batner A, Storgaard

T (2001) A molecular clock dates the common ancestor of European-
type porcine reproductive and respiratory syndrome virus at more than
10 years before the emergence of disease. Virology 289:174-179

. Pileri E, Gibert E, Martin-Valls GE, Nofrarias M, Lopez-Soria S, Martin M,

Diaz I, Darwich L, Mateu E (2017) Transmission of Porcine reproductive
and respiratory syndrome virus 1 to and from vaccinated pigs in a one-
to-one model. Vet Microbiol 201:18-25

. Rose N, Renson P, Andraud M, Paboeuf F, Le Potier MF, Bourry O (2015)

Porcine reproductive and respiratory syndrome virus (PRRSv) modified-
live vaccine reduces virus transmission in experimental conditions.
Vaccine 33:2493-2499

. Diaz |, Darwich L, Pappaterra G, Pujols J, Mateu E (2005) Immune

responses of pigs after experimental infection with a European strain
of Porcine reproductive and respiratory syndrome virus. J Gen Virol
86:1943-1951

. Meier WA, Galeota J, Osorio FA, Husmann RJ, Schnitzlein WM, Zucker-

mann FA (2013) Gradual development of the interferon-gamma response
of swine to porcine reproductive and respiratory syndrome virus infec-
tion or vaccination. Virology 309:18-31

. Lopez OJ, Osorio FA (2004) Role of neutralizing antibodies in PRRSV

protective immunity. Vet Immunol Immunopathol 102:155-163

. Martinez-Lobo FJ, Diez-Fuertes F, Simarro |, Castro JM, Prieto C (2011)

Porcine reproductive and respiratory syndrome virus isolates differ in
their susceptibility to neutralization. Vaccine 29:6928-6940

. Diaz |, Gimeno M, Darwich L, Navarro N, Kuzemtseva L, Lépez S, Galindo

I, Segalés J, Martin M, Pujols J, Mateu E (2012) Characterization of
homologous and heterologous adaptive immune responses in porcine
reproductive and respiratory syndrome virus infection. Vet Res 43:30
Pileri E, Gibert E, Soldevila F, Garcia-Saenz A, Pujols J, Diaz |, Darwich L,
Casal J, Martin M, Mateu E (2015) Vaccination with a genotype 1 modified
live vaccine against porcine reproductive and respiratory syndrome virus
significantly reduces viremia, viral shedding and transmission of the virus
in a quasi-natural experimental model. Vet Microbiol 175:7-16

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30:2114-2120

Li H, Durbin R (2010) Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics 26:589-595

Rozas J, Ferrer-Mata A, Sanchez-Del Barrio JC, Guirao-Rico S, Librado

P, Ramos-Onsins SE, Sdnchez-Gracia A (2017) DnaSP 6: DNA sequence
polymorphism analysis of large data sets. Mol Biol Evol 34:3299-3302
Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5:a new series of
programs to perform population genetics analyses under Linux and
Windows. Mol Ecol Resour 10:564-567

SWISS-MODEL web site: https://swissmodel.expasy.org/repository/.
Accessed 20 May 2018

Oleksiewicz MB, Batner A, Toft P, Normann P, Storgaard T (2001) Epitope
mapping porcine reproductive and respiratory syndrome virus by phage
display: the nsp2 fragment of the replicase polyprotein contains a cluster
of B-cell epitopes. J Virol 75:3277-3290

Burgara-Estrella A, Difaz I, Rodriguez-Gémez IM, Essler SE, Herndndez

J, Mateu E (2013) Predicted peptides from non-structural proteins of


https://swissmodel.expasy.org/repository/

Cortey et al. Vet Res

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

(2018) 49:107

porcine reproductive and respiratory syndrome virus are able to induce
IFN-y and IL-10. Viruses 5:663-677

De Lima M, Pattnaik AK, Flores EF, Osorio FA (2006) Serologic marker
candidates identified among B-cell linear epitopes of Nsp2 and structural
proteins of a North American strain of porcine reproductive and respira-
tory syndrome virus. Virology 353:410-421

Oleksiewicz MB, Batner A, Normann P (2002) Porcine B-cells recognize
epitopes that are conserved between the structural proteins of Ameri-
can- and European-type porcine reproductive and respiratory syndrome
virus. J Gen Virol 83:1407-1418

Di Giallonardo F, Zagordi O, Duport Y, Leemann C, Joos B, Kiinzli-Gontarc-
zyk M, Bruggmann R, Beerenwinkel N, Glinthard HF, Metzner KJ (2013)
Next-generation sequencing of HIV-1 RNA genomes: determination of
error rates and minimizing artificial recombination. PLoS One 8:¢74249
Beerenwinkel N, Gunthard HF, Roth V, Metzner KJ (2012) Challenges and
opportunities in estimating viral genetic diversity from next-generation
sequencing data. Front Microbiol 3:329

Carlson JM, Schaefer M, Monaco DC, Batorsky R (2014) Selection bias at
the heterosexual HIV-1 transmission bottleneck. Science 345:6193

Da Silva RA, de Carvalho IMVG, de Matos RPA, Yamasaki LHT, Bittar C,
Rahal P, Jardim ACG (2017) Evidence of bottleneck effect on hepatitis C
virus transmission between a couple under interferon based therapy.
Infect Genet Evol 47:87-93

Li H, Stoddard MB, Wang S, Giorgi EE, Blair LM (2016) Single-genome
sequencing of hepatitis C virus in donor-recipient pairs distinguishes
modes and models of virus transmission and early diversification. J Virol
90:152-166

Shen C, Gupta P, Xu X, Sanyal A, Rinaldo C (2014) Transmission and evolu-
tion of hepatitis C virus in HCV seroconverters in HIV infected subjects.
Virology 449:339-349

Ma D, Jasinska AJ, Feyertag F, Wijewardana V, Kristoff J (2014) Factors
associated with simian immunodeficiency virus transmission in a natural
African nonhuman primate host in the wild. J Virol 88:5687-5705
Delputte PL, Van Breedam W, Delrue |, Oetke C, Crocker PR, Nauwynck HJ
(2007) Porcine arterivirus attachment to the macrophage-specific recep-
tor sialoadhesin is dependent on the sialic acid-binding activity of the
N-terminal immunoglobulin domain of sialoadhesin. J Virol 81:9546-9550
Wissink EH, van Wijk HA, Kroese MV, Weiland E, Meulenberg JJ, Rottier PJ,
van Rijn PA (2003) The major envelope protein, GP5, of a European por-
cine reproductive and respiratory syndrome virus contains a neutraliza-
tion epitope in its N-terminal ectodomain. J Gen Virol 84:1535-1543
Loving CL, Osorio FA, Murtaugh MP, Zuckermann FA (2015) Innate and
adaptive immunity against Porcine reproductive and respiratory syn-
drome virus. Vet Immunol Immunopathol 167:1-14

Das PB, Dinh PX, Ansari IH, de Lima M, Osorio FA, Pattnaik AK (2010) The
minor envelope glycoproteins GP2a and GP4 of porcine reproductive
and respiratory syndrome virus interact with the receptor CD163. J Virol
84:1731-1740

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 11 of 11

Van Gorp H, Van Breedam W, Van Doorsselaere J, Delputte PL, Nauwynck
HJ (2010) Identification of the CD163 protein domains involved in infec-
tion of the porcine reproductive and respiratory syndrome virus. J Virol
84:3101-3105

Whitworth KM, Rowland RR, Ewen CL, Trible BR, Kerrigan MA, Cino-Ozuna
AG, Samuel MS, Lightner JE, McLaren DG, Mileham AJ, Wells KD, Prather
RS (2016) Gene-edited pigs are protected from porcine reproductive and
respiratory syndrome virus. Nat Biotechnol 34:20-22

Dokland T (2010) The structural biology of PRRSV. Virus Res 154:86-97
Delputte PL, Vanderheijden N, Nauwynck HJ, Pensaert MB (2002) Involve-
ment of the matrix protein in attachment of porcine reproductive and
respiratory syndrome virus to a heparin like receptor on porcine alveolar
macrophages. J Virol 76:4312-4320

Delputte PL, Costers S, Nauwynck HJ (2005) Analysis of porcine reproduc-
tive and respiratory syndrome virus attachment and internalization:
distinctive roles for heparan sulphate and sialoadhesin. J Gen Virol
86:1441-1445

Faaberg KS, Even C, Palmer GA, Plagemann PG (1995) Disulfide bonds
between two envelope proteins of lactate dehydrogenase-elevating
virus are essential for viral infectivity. J Virol 69:613-617

Snijder EJ, Dobbe JC, Spaan WJ (2003) Heterodimerization of the two
major envelope proteins is essential for arterivirus infectivity. J Virol
77:97-104

Trible BR, Popescu LN, Monday N, Calvert JG, Rowland RR (2015) A single
amino acid deletion in the matrix protein of porcine reproductive and
respiratory syndrome virus confers resistance to a polyclonal swine
antibody with broadly neutralizing activity. J Virol 89:6515-6520

Fan B, Liu X, Bai J, Zhang T, Zhang Q, Jiang P (2015) The amino acid
residues at 102 and 104 in GP5 of porcine reproductive and respiratory
syndrome virus regulate viral neutralization susceptibility to the porcine
serum neutralizing antibody. Virus Res 204:21-30

Correas |, Osorio FA, Steffen D, Pattnaik AK, Vu HLX (2017) Cross reactivity
of immune responses to porcine reproductive and respiratory syndrome
virus infection. Vaccine 35:782-788

Parida R, Choi IS, Peterson DA, Pattnaik AK, Laegreid W, Zuckermann FA,
Osorio FA (2012) Location of T-cell epitopes in nonstructural proteins 9
and 10 of type-Il porcine reproductive and respiratory syndrome virus.
Virus Res 169:13-21

Nogales A, Galan C, Marquez-Jurado S, Garcia-Gallo M, Kremer L, Enjuanes
L, Almazan F (2011) Immunogenic characterization and epitope mapping
of transmissible gastroenteritis virus RNA dependent RNA polymerase. J
Virol Methods 175:7-13

Sharmin R, Islam ABMMK (2014) A highly conserved WDYPKCDRA
epitope in the RNA directed RNA polymerase of human coronaviruses
can be used as epitope-based universal vaccine design. BMC Bioinfor-
matics 15:161

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Bottlenecks in the transmission of porcine reproductive and respiratory syndrome virus (PRRSV1) to naïve pigs and the quasi-species variation of the virus during infection in vaccinated pigs
	Abstract 
	Introduction
	Materials and methods
	Animal experiment
	NGS protocol
	Validation of the procedure, estimation of the PAM passage error rate and quality control check
	Nucleotide diversity estimations and frequency changes per position in the transmission events
	Analysis of molecular variance (AMOVA) in vaccinated animals
	Screening of potential changes in the amino acid composition in the viral proteins

	Results
	The RNA NGS method was suitable for assessing viral quasi-species
	The characterization of PRRSV transmission events supports the existence of bottlenecks
	Preferred and un-preferred transmitted variants are differentially distributed along the PRRSV genome
	Differences in viral quasi-species between short- vs long-viraemic pigs are mostly located in nsp9 and ORF2

	Discussion
	Competing interests
	References




