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ABSTRACT
African swine fever virus is complex DNA virus that infects pigs with mortality rates up to 100% leading to devastating
socioeconomic effected in the affected countries. There is neither a vaccine nor a treatment to control ASF. African
swine fever virus genome encodes two putative SF2 RNA helicases (QP509L and Q706L). In the present study, we
found that these two RNA helicases do not share a common ancestral besides sharing a sequence overlap. Although,
our phylogenetic studies revealed that they are conserved among virulent and non-virulent isolates, it was possible to
observe a degree of variation between isolates corresponding to different genotypes occurring in distinct geographic
regions. Further experiments showed that QP509L and Q706L are actively transcribed from 4 h post infection. The
immunoblot analysis revealed that both protein co-localized in the viral factories at 12 h post infection, however,
QP509L was also detected in the cell nucleus. Finally, siRNA assays uncover the relevant role of these proteins during
viral cycle progression, in particular, for the late transcription, genome replication, and viral progeny (a reduction of
infectious particles up to 99.4% when siRNA against QP509L was used and 98.4% for siRNA against Q706L). Thus, our
results suggest that both helicases are essential during viral infection, highlighting the potential use of these enzymes
as target for drug and vaccine development against African swine fever.
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Introduction

African swine fever (ASF) was first described in 1921
by Montgomery [1], being caused by African swine
fever virus (ASFV) a large (≈200 nm), enveloped, ico-
sahedral double-stranded DNA virus, which belongs to
the NCLDV order and Asfarviridae family [2]. In dom-
estic pigs, the ASFV replicates, preferentially, in cells of
the monocyte lineage causing a broad range of symp-
toms and lesions, ranging from hyperacute to chronic
forms of disease, with mortality rates up to 100%.
Therefore, ASF leads to devastating effects on pig pro-
duction and animal trade with high economic and
social costs to affected areas [3,4].

Besides being endemic in most sub-Saharan
countries and in Sardinia, ASF was introduced in Geor-
gia (2007) spreading to neighbour countries including
Armenia, Azerbaijan, Russia [5,6], and Ukraine and
Belarus (from 2012 to 2013). In 2014, ASF was reported
in Lithuania, making the first arrival of the disease in
European Union in decades, before outbreaks in
Poland, Estonia, and Latvia [7]. During 2016, ASF was
declared in Moldova and last year in Czech Republic,
Romania, Hungary, and Belgian (August 2018) putting
the EuropeanUnion on high alert. Also during this year,

and for the first time, ASF was identified in several cities
of China [8]. Since neither, a vaccine nor a treatment is
available, the control of the disease relies on sanitary
measures, including stamping out and trade bans of ani-
mals and pork products.

Under this scenario, further studies are needed
towards the identification of ASFV genes that regulate
viral replication and transcription, in order to develop
an efficient vaccine and/or to use as targets for antiviral
agents [9,10]. In other virus, RNA helicases have been
described as essential for infection, modulating RNA–
RNA and RNA–protein interactions, gene expression,
viral egress, and host antiviral responses [11,12],
being used for novel antiviral strategies [11,13,14].
Interestingly, ASFV encodes for five putative RNA heli-
cases, including the DEAD-box ATP-dependent RNA
helicases QP509L and Q706L [9–12]. Although in silico
analysis revealed that QP509L is orthologous to the
Vaccinia virus A18R helicase [15–17] and Q706L to
the Vaccinia virus D6/D11 helicase [15,18], no
additional information is available on these viral
enzymes. Therefore, in this study, we investigated the
monophyly of the five RNA helicases encoded by
ASFV and explore the phylogenetic relationship of
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the QP509L and Q706L among different ASFV isolates
and with DEAD-box ATP-dependent RNA helicases
from other nucleocytoplasmic large DNA viruses
(NCLDV) [19]. The dynamics of the transcription
and expression patterns of ASFV-QP509L and ASFV-
Q706L RNA helicases were evaluated during the infec-
tion, as well as their intracellular distribution. Finally,
the involvement of each ASFV RNA helicases in viral
transcription, genome replication, and progeny pro-
duction was assessed by siRNA-mediated silencing.

Results

The ASFV DEAD-box RNA helicases QP509L and
q706l are conserved among virulent and non-
virulent isolates, uncovering genotype
clustering and showing partial homology with
RNA helicases of other NCLDV

The sequence homology analysis among the five ASFV
RNA helicases revealed a high degree of similarity
between virulent and non-virulent ASFV isolates (e.g.
L60 and Ba71V, Figure 1(a)). Our analysis also showed
that ASFV RNA helicases do not share a common
ancestor, with the exception of ASFV-Q706L and
ASFV-D1133L helicases that form a monophyletic
group (Figure 1(a)). Surprisingly, no phylogenetic
relation was found between ASFV-QP509L and
ASFV-Q706L, although belonging to the Super family
2 and sharing a DEAD-box domain and a sequence
overlap of 126 bp (between 3′ end of ASFV-QP509L
and 5′ end of ASFV-Q706L, Figure 1(b)). Furthermore,
the phylogenetic analysis of both SF2 RNA helicases
among different ASFV isolates, showed a similar clus-
ter distribution, with sequences from the West of
Africa and Europe (e.g. Angola, L60, Ba71V) being sep-
arated from isolates of East Africa countries (e.g. Kenya

1950 and Malawi 1983) and also from South African
isolates (e.g. Mkuzi 1979) (Figure 2(a,b)). In addition,
the sequence of ASFV-QP509L RNA helicase from
the European isolate Georgia 2007/1 clusters with the
Tengani 1962 (Malawi) isolates (Figure 2(a)), whereas
the ASFV-Q706L sequence from Georgia 2007/1
appears isolated (Figure 2(b)). Finally, the comparison
of the amino acid sequences between the two SF2 RNA
helicases encoded by ASFV and SF2 RNA helicases
encoded by other NCLDV members revealed that
ASFV-QP509L clusters with the A18 helicase from
Vaccinia virus and with ORF55 Ranavirus helicase, as
ASFV-Q706L clusters with the D11 helicase from Vac-
cinia virus and MAR_ORF241 helicase of Marseille-
virus (Figure 2(c)). This analysis also showed that
ASFV-QP509L sequence is more close to other viral
SF2 RNA helicases encoded by other NCLDV than
ASFV-Q706L (e.g. Bathycoccus sp. RCC1105 virus;
Ostreococcus tauri; Chlorella virus 1) (Figure 2(c)).

QP509L and Q706 ASFV genes are transcribed
during infection, encoding for two intermediate-
late proteins with distinct localization

The detection and quantification of specific viral tran-
scripts by qPCR revealed that QP509L gene is actively
transcribed from 2 hpi onwards, reaching a maximum
concentration peak at 12 hpi (Figure 3(a)). Similarly,
the ASFV-Q706L transcripts were detected from 2
hpi, showing a peak concentration at 10 hpi (Figure 3
(b)). As expected, the mRNA levels of both ASFV
SF2 RNA helicases were found much lower than the
transcripts of two viral genes (CP204L and B646L)
which encode for two structural proteins (vp32 and
vp72, Figure 3(c,d)), suggesting that expression of the
two ASFV RNA helicases is highly regulated.

Figure 1. The ASFV-QP509L and Q706L RNA helicases are highly conserved among virulent and non-virulent isolates, sharing a
distinct ancestor. (a) Phylogenetic analysis of ASFV RNA helicases. Maximum-likelihood phylogenetic tree constructed from a mul-
tiple nucleotide sequence alignment of ASFV-QP509L, Q706L, A859L, B962L, D1133L ORFs, using two different ASFV isolates (L60 –
virulent and Ba71V – non-virulent). Sequence from a RNA helicase SF2 of Sus scrofa worked as outgroup. Bootstrap values are indi-
cated. (b) Schematic representation of ASFV genome, including the localization of ASFV-QP509L and ASFV-Q706L. Relative positions
of DEAD-box motifs, ATP-binding sites and sequence overlap (126 bp) are represented.
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In parallel, immunostaining studies showed that
pQP509L accumulates in viral cytoplasmic factories
from12 hpi onwards, displaying a diffuse nuclear localiz-
ation at later times of infection (Figure 4(a)). Regarding
pQ706L, results disclosed that this viral protein is also
detected from12hpi onwards, without any nuclear stain-
ing (Figure 4(b)). The immunoblot analysis unveiled that
pQ706L is detectable from 12 hpi onwards, showing
increased concentrations among infection course, corro-
borating the immunostaining results (Figure 4(c)).
Finally, pQ706L expression was absent in ASFV-infected
cells exposed to cytosine arabinoside (AraC), an inhibitor

Figure 2. ASFV-QP509L and ASFV-Q706L RNA helicases show a
similar genotype cluster segregation to ASFV-B646L, sharing the
same monophyletic groups with other SF2 RNA helicases from
NCLDV. (a) The maximum-likelihood phylogenetic tree was con-
structed from a multiple amino acid sequence alignment of
ASFV-QP509L, using 13 different ASFV isolates. (b)Maximum-like-
lihood phylogenetic tree was constructed from a multiple amino
acid sequence alignment of ASFV-Q706L, using 13 different ASFV
isolates. Geographic distribution and genotype of ASFV isolates
are also indicated. (c) Phylogenetic analysis of ASFV-QP509L,
ASFV-Q706L and other viral Superfamily 2 (SF2) RNA helicases.
The maximum-likelihood tree was generated from a multiple
amino acid sequence alignment of ASFV-QP509L and ASFV-
Q706L RNA helicases with other SF2 encoded by NCLDV mem-
bers. The sequence of one SF2 RNA helicase of S. scrofa
(DDX58) acted as outgroup. Bootstrap values are indicated.

Figure 3. ASFV-QP509L and ASFV-Q706L are transcribed from
early times of infection. (a) ASFV-QP509L transcripts were
detected from 2 hpi, showing a maximum concentration
peak at 12 hpi. (b) ASFV-Q706L transcripts were detected
from early times of infection (2 hpi) reaching a maximum con-
centration at 10 hpi. (c, d) ASFV-CP204L and ASFV-B646L mRNA
were used as controls. Results are shown as mean ± standard
error of the number of transcripts of each viral gene normalized
with Cyclophilin A mRNA levels (reference gene). Three inde-
pendent experiments were performed in duplicate.
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ofASFVDNAreplicationand late transcription (Figure 4
(c)), suggesting that ASFV-Q706L RNA helicase is syn-
thesized before viral DNA replication.

QP509L and q706l ASFV RNA helicases are
required for viral infection showing non-
redundant functions

Taking in the consideration, the expression patterns of
both viral SF2 RNA helicases, siRNAs experiments
were performed to explore the downregulation effect
of ASFV-pQP509L or ASFV-pQ706L in viral replica-
tion. To achieve this goal, the efficacy of two siRNAs
targeting each ASFV transcript was separately assed.
A significant knockdown efficiency was found for
both siRNAs targeting ASFV-QP509L transcripts (up
to −41.2%, p≤ 0.05, Figure 5(a)) and for a siRNA
duplex against ASFV-Q706L transcripts (up to
−41.7%, p≤ 0.05, Figure 5(d)). Additional qPCR
analysis revealed lower transcription levels of ASFV
B646L late gene in ASFV-QP509L depleted cells (up
to −46.2%, p≤ 0.05, Figure 5(c)) and in ASFV-
Q706L-knockdown cells (up to −77.7%, p≤ 0.05,
Figure 5(f)) in comparison to control infected cells
(transfected with siRNA targeting GAPDH tran-
scripts). However, no significant reduction in the tran-
scriptional activity of ASFV CP204L early gene was
found (Figure 5(b,e)).

Additionally, a significant decreased number of viral
genomes was measured in depleted cells, ranging
between−26.1% and−53.4% in ASFV-QP509L-knock-
down cells (p≤ 0.05; Figure 6(a)) and between −68.3%
and −71.4% in ASFV-Q706L-knockdown cells (p≤
0.05; Figure 6(a)). Finally, a significant reduction of
viral progeny was found in ASFV-QP509L depleted
cells (between −82.2% to −99.4%; p≤ 0.05) and in
ASFV-Q706L depleted cells (−92.5% to −98.6%) in
comparison to controls (p≤ 0.05, Figure 6(b)).

Discussion

RNA helicases are found in all kingdoms of life, parti-
cipating in several aspects of RNA metabolism and in
different events of DNA replication [20,21]. Although,
many viruses hijack cellular RNA helicases[20], mem-
bers of some viral families encode their own, asHerpes-
viridae [22], Poxviridae [23], Parvoviridae [24],
Flaviviridae and Asfaviridae [25]. Notably, ASFV
encodes five putative RNA helicases, including the
two pQP509L and pQ706L SF2 DEAD-box RNA heli-
cases [26,27]. In eukaryotes, these enzymes are known
to unwind duplexes formed during RNA transcription,
in an ATP-dependent fashion [28–30], with viral
counterparts being involved in DNA–RNA and
RNA–protein interactions that occur from the begin-
ning of viral gene expression and culminate with the
release of infectious particles [11,12]. Thus, these pro-
teins are being explored as antiviral drug targets [14].
In ASFV, and besides the initial sequence data assem-
bly and annotation, scarce information is available
about the role of viral RNA helicases in infection.

Figure 4. ASFV-pQP509L and ASFV-pQ706L are detected at
late times of infection, showing distinct distribution patterns.
(a) ASFV-pQP509L was detected at viral factories and host
nucleus from 12 hpi onwards. (b) ASFV-pQ706L was identified
only within viral factories and also after 12 hpi. Vero-infected
cells (MOI = 2) were fixed (4, 8, 12, and 16 hpi), stained and
analysed by fluorescence microscopy. In the merged images,
ASFV-pQP509L and ASFV-pQ706L were labelled in green,
infected cells in red and DNA in blue (DAPI staining). Represen-
tative images of at least three independent experiments are
shown. (c) Immunoblot analysis revealed that ASFV-pQ706L
is a late protein, being absence in the presence of AraC. Vero
cells infected with ASFV/Ba71V isolate (MOI of 5) were har-
vested at the indicated time points. The cytosine arabinoside
exposure (AraC, 50 µg/ml) was performed after an initial viral
adsorption period (1 h) and cells were collected at 20 hpi.
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In this study, we showed that ASFV RNA helicases are
highly conserved among virulent and non-virulent iso-
lates, with ASFV-QP509L and ASFV-Q706L helicases
belonging to distinct monophyletic lines, despite their
partial sequence overlap and common superfamily 2

motifs. An identical geographic/genotype cluster segre-
gation was found for both viral RNA helicases, similar
to the one reported for ASFV-B646L [31–33] and other
viral genes [34]. However, probably due to the recent
recombination events reported in Georgia 2007/1

Figure 5. siRNAs targeting ASFV-QP509L and ASFV-Q706L transcripts disrupt late viral transcription. (a) siRNAs against ASFV-
QP509L showed significant depletion efficacy at 16 hpi (p≤ 0.05). (b) Unchanged ASFV-CP204L mRNA levels between QP509L-
depleted cells and control group. (c) QP509L-depleted cells showed significant lower mRNA levels of late ASFV-B646L gene
(p≤ 0.05). (d) Q706L siRNA_II showed significant knockdown efficacy at 16 hpi (p≤ 0.05). (e) Unchanged ASFV-CP204L mRNA levels
between Q706L- knockdown cells and control group. (f) Q706L-depleted cells showed significantly lower mRNA levels of ASFV-
B646L gene (p≤ 0.05). Results are shown as average ± standard error (AVG ± S.E.), between the number of molecules of each
viral transcript and the number of Cyclophilin A mRNA molecules (reference gene). Three independent experiments were per-
formed in duplicate.

Figure 6. ASFV-QP509L and ASFV-Q706L downregulation disrupts ASFV DNA replication and progeny production. (a) QP509L and
Q706L-depleted cells showed a decreased number of ASFV genomes [2.21 × 109 genomes/ml using QP509L siRNA_I (−26%),
1.39 × 109 genomes/ml for QP509L siRNA_II (−53%), 8.53 × 108 genomes/ml for Q706L siRNA_I (−71%) and 9.45 × 108 gen-
omes/ml using Q706L siRNA_II (−68.32%)] when compared to the control group (2.98 × 109 genomes/ml, p≤ 0.05). Results rep-
resent the mean of three independent experiments. (b) A statistically significant reduction in viral yields was observed between
ASFV-infected Vero cells (MOI of 0.1) transfected with siRNAs against ASFV-QP509L and ASFV-Q706L (−82.2% and −99.4% for
QP509L siRNA I and II, respectively, and −92.5% and 98.6% for Q706L siRNA I and II), in comparison with the GAPDH siRNA-trans-
fected infected cells (p≤ 0.05). Results were obtained from three independent experiments. Error bars represent standard error (SE)
of the mean values.

Emerging Microbes & Infections 295



isolate [35], the QP509L sequence of this genotype II
clusters with an ASFV isolate belonging to genotype
V (Tengani 62), reinforcing the idea that viral phyloge-
netic studies should include more than one ORF [36].
In addition, the comparison between the two ASFV
SF2 RNA helicases and SF2 RNA helicases encoded
by other NCLDV members revealed that ASFV-
QP509L shares the same monophyletic group with
Vaccinia A18R and Ranavirus ORF55 RNA helicases,
whereas ASFV-Q706L clusters with Vaccinia virus
D6/D11L and Marseillevirus marseillevirus MAR_-
ORF241 RNA helicases, corroborating previous studies
[15–18,37]. Although these results are somehow
expected, since NCLDV members share a common
ancestor [19], the two genes of SF2 RNA helicases in
Vaccinia virus are separated approximately 20000 bp,
suggesting a different evolutionary route for ASFV.
Indeed, recent studies reported that ASFV presents a
higher evolutionary rate than other DNA virus [37–
39], probably due to its complex inter-species trans-
mission (wild boars, ticks, and domestic pigs), showing
a diversity peak over the last 200 years [39].

Regarding the expression patterns of two ASFV SF2
RNA helicases, maximum mRNA levels were detected
between 8 and 12 hpi, suggesting that both enzymes
are mainly required during the intermediate and late
stages of the infection cycle, when the viral DNA repli-
cation and transcription are more active. In fact,
pQP509L was detected from 12 hpi within viral fac-
tories and host nucleus, whereas, pQ706L was detected
only at viral factories from 12 hpi onwards, indicating
that both ASFV RNA helicases have different roles
during replication cycle. Despite an early intranuclear
phase has been proposed for ASFV [40,41], the pres-
ence of pQP509L in this cellular compartment, at
later times of infection, can be related to other viral
events than transcription and/or DNA replication as,
for example, modulation of antiviral responses. This
plethora of activities is described for other viral RNA
helicase as, for example, in NS3 RNA helicase of Hepa-
titis C virus (HCV) which is involved in unwinding of
the double-stranded RNA intermediates [42] and viral
assembly [43], and in D6/D11 RNA helicase of Vaccinia
virus that unwinds RNA–RNA, RNA–DNA, and RNA–
protein intermediates [23]. Thus, these viral SF2
DEAD-box RNA helicases were described as essential
for infection by HCV [44,45], Vaccinia virus [13,46],
and Plum pox virus [47], with cellular RNA helicases
being unable to rescue the activity of viral counterparts.
In a very similar way, our results from siRNA exper-
iments disclosed that QP509L- and Q706L-knockdown
cells show lower levels of late viral transcripts (ASFV-
B646L), although the expression of an early viral gene
(ASFV-CP204L) is not affected. Depleted cells also
exhibited a reduced number of viral genomes coupled
with a decreased viral yield, indicating that both
ASFV RNA helicases have relevant and non-redundant

functions, not rescued by cellular RNA helicases. Con-
sidering our above results and the data reported on
Vaccinia virus counterparts, a working model for both
ASFV SF2 RNA helicases is depicted in Figure 7.
Briefly, ASFV-QP509L and ASFV-Q706L RNA heli-
cases are mainly involved in viral transcription events,
with ASFV-QP509L assisting termination and release
of late viral transcripts (as reported for Vaccinia virus
A18R helicase orthologous), whereas ASFV-Q706L
regulates elongation and release of late viral transcripts
(as Vaccinia virus D6/D11 helicase).

Finally, taking into consideration that there is
neither a vaccine nor a treatment available against
ASFV and the important roles of both ASFV SF2
RNA helicases, we hypothesized that a mutant on
ASFV-QP509L or ASFV-Q706L gene can be a good
candidate to generate a live attenuated vaccine. These
ASFV mutants will not produce progeny, allowing
the immediate-early and early viral gene expression
and providing antigens that can induce a protective
immune response.

Material and methods

Phylogenetic analysis

Amino acid sequences of the five ATP-dependent RNA
helicases of ASFV (QP509L, Q706L, A859L, B962L and
D1133L) were obtained by in silico translation using
genomic sequences of different ASFV isolates available
in GenBank (ASFV/Ba71 V, NC_001659.1; ASFV/
Benin 97/1, AM712239.1; ASFV/L60, KM262844.1;
ASFV/OURT 88/3, AM712240.1; ASFV/Mkuzi 1979,
AY261362.1; ASFV/Georgia 2007/1, FR682468.1;
ASFV/Malawi Lil/20/1, AY261361.1; ASFV/Kenya
1950, AY261360.1; ASFV/NHV 1968, KM262845.1;
ASFV/Tengani 62, AY261364.1; ASFV/Warmbaths
2003, AY261365.1; ASFV/Pretorisuskop/96/4,
AY261363.1; ASFV/Warthog 2004, AY261366.1). Simi-
larly, the amino acid sequences of other superfamily 2
(SF2) RNA helicases encoded by different NCLDV
(Ranavirus, ORF55, ASQ42908.1; Bathycoccus sp.
RCC1105 virus BpV1, BpV1_050, NC_014765.1;
Acanthocystis turfacea Chlorella virus, TN603.4.2_736L,
JX997186.1; Paramecium bursaria Chlorella virus
CVM-1, CVM-1_251R, JX997163.1; Vaccinia virus,
A18R, NC_006998.1; Vaccinia virus, D11,
NC_006998.1; Marseillevirus marseillevirus, MAR_-
ORF241,NC_013756.1; Ostreococcus tauri virus,
OtV6_066, JN225873.1) and by pig (Sus scrofa,
DDX58, AAG09428.1) were also retrieved from
GeneBank.

MAFFT software (version 7, https://mafft.cbrc.jp/
alignment/server/) was used to perform sequence align-
ments (employing default parameters) [48,49] and
MEGA 7 software was used to select the best model
(ML) for phylogenetic tree construction based on amino
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acid alignments [50,51]. Maximum-likelihood trees were
constructed by adopting the Le_Gascuel_2008 model
with 1000 bootstrap replicates, using MEGA 7 [51,52].

Cells and viruses

Vero E6 cells obtained from the European Authenti-
cated Cell Cultures Collection (ECACC, Salisbury,
UK) were maintained in DMEM (Dulbecco Modified
Eagle’s minimal essential medium) supplemented
with L-GlutaMax, 10% heat-inactivated foetal calf
serum, 1x non-essential amino acids and penicillin/
streptomycin at 100 units/ml (all from Gibco, Life
Technology, Karlsruhe, Germany). All experiments
were conducted on actively replicating sub confluent
cells, grown at 37°C, under a 5% CO2 humidified
atmosphere (≥95% air). The Vero-adapted ASFV
strain (Badajoz 1971, Ba71 V) was used in all infections
and propagated as previously described [53]. For viral
titration, culture supernatants harvested at 72 h post
infection (hpi) were used to infect new cell monolayers,
in 10-fold serial dilutions, during 5 days (Spearman–
Kärber endpoint method) using 96-well plates. Cyto-
pathic effect was evaluated and the results were
expressed as TCID50/ml.

RNA extraction and cDNA synthesis

For qPCR analysis, total RNA was extracted from
ASFV-infected Vero cells (MOI = 1.5) at different

time points of infection, using the RNeasy Mini Kit
(Qiagen, Courtaboeuf, France) and with possible
DNA contaminants degraded by a treatment in a col-
umn with DNAse I (Qiagen). RNA concentrations
and purity were measured using a spectrophotometer
(NanoDrop 2000c, Thermo Fisher Scientific, Waltham,
USA) and only RNA samples showing high purity
(A260/A280 ratio between 1.8 and 2.0) were used.
200 ng of each total RNA sample was reverse tran-
scribed (Transcriptor First Strand cDNA Synthesis
Kit, Roche, Basel, Switzerland), according to the man-
ufacturer’s instructions. The obtained cDNA was
diluted (1/20) in ultra-pure water and stored at −20°
C until further use.

Recombinant plasmids

The amplified fragments (ASFV-QP509L, ASFV-
Q706L, ASFV-CP204L, ASFV-B646L, and Cyclophilin
A) were cloned into a plasmid vector (pGEM-Teasy
Vector System II, Promega, Madison, USA), and used
to transform DH5α competent cells. Then, plasmids
were isolated from bacteria using the Roche High
Pure Plasmid Isolation Kit (Roche Applied Science,
Germany), according to the manufacturer’s manual.
To determine whether the cloned DNA fragments
were incorporated into vectors, the inserts were
amplified by PCR and their sequences were confirmed.
Following this step, the concentration of each plasmid
preparation was determined by spectrophotometric

Figure 7. Proposed working model for ASFV-QP509L and ASFV-Q706L RNA helicases. Considering the experimental data available
for ASFV-QP509L and ASFV-Q706L orthologous (A18R and D6/D11 SF2 RNA helicases of Vaccinia virus, respectively), our model
hypothesized that absence of ASFV-QP509L on the transcription complex will lead to continuous reading of neighbouring viral
ORFs and transcriptionally silenced regions, giving rise to an accumulation of long RNAs, with its release being also affected. In
parallel, our working model postulates that downregulation of ASFV-Q706L will disrupt transcription elongation and termination
with serious implications in viral progeny production.
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absorbance (NanoDrop 2000c). Their corresponding
copy number was calculated using the equation: pmol
(dsDNA) = μg (dsDNA) × 1515 / DNA length in pb
(pmol = picomoles, dsDNA = double-strand DNA,
DNA length in pb = number of base pairs from the
amplified fragment; 1 mol = 6.022 × 1023 molecules).

Standard curves optimization

Ten-fold serial dilutions of each plasmid (ASFV-
QP509L, ASFV-Q706L, ASFV-CP204L, ASFV-B646L,
and Cyclophilin A), ranging from 1 × 10−1 to 1 ×
10−9 were initially used in duplicate to generate the
standard curves in two different days. Threshold
cycle (Ct) values obtained from each dilution were
plotted against the logarithm of their initial template
copy numbers and corresponding standard curves
were generated by linear regression of the plotted
points. From the slope of each standard curve, PCR
amplification efficiency (E) was calculated according
to the equation: E (%) = (10−1/slope−1) × 100% [54].

Quantitative PCR

Quantification of ASFV-QP509L, ASFV-Q706L,
ASFV-CP204L, and ASFV-B646L transcripts were per-
formed by qPCR using the Maxima SYBR Green PCR
Master Mix (Thermo Fisher), according to the manu-
facturer’s instructions [12.5 µl of master mix, 2.5 µl of
forward and reverse primers (50 nM each), 5 µl of
Milli-Q water and 2.5 µl of cDNA)]. All qPCR reac-
tions were performed in Applied Biosystems 7300
Real Time PCR system (Thermo Fisher), using the fol-
lowing thermal profile: 10 min at 95°C for initial dena-
turation; 40 cycles of 15 s at 95°C and 60 s at 60°C,
followed by a final denaturation step of 5 s at 65°C
with a 20°C/s ramp rate and subsequent heating of
the samples to 95°C with a ramp rate of 0.1°C/s.
Quantification of ASFV-QP509L, ASFV-Q706L,
ASFV-CP204L, ASFV-B646L, and Cyclophilin A
mRNA levels were determined by the intersection
between the fluorescence amplification curve and the
threshold line. The crossing point values of each plas-
mid obtained from different known concentrations
were plotted in a standard curve used to determine
the copy number of each transcript. The values were
determined using the comparative threshold cycle
method, which compares the expression of a target
gene normalized to the reference gene (Cyclophilin
A). The validation of the reference gene was confirmed
using the ANOVA test (p < 0.05) and the specificity of
the qPCR assays was confirmed by melting curve ana-
lyses. Sequences of the primers used in this study are
shown in Table 1. To characterize the transcription
pattern of both ASFV RNA helicases, Vero cells
grown onto 30 mm dishes were infected (MOI = 1.5)
and collected at indicated time points (0, 2, 4, 6, 8,

10, 12, 16, and 20 hpi), for total RNA extraction.
Results represent the mean value of two independent
experiments performed in different days.

Cloning, expressing and purifying recombinant
fragments of ASFV-QP509L and ASFV-Q706L

In order to produce antibodies against ASFV-QP509
and ASFV-Q706L, the hydrophobicity profile of
both viral proteins was analysed to select two distinct
hydrophilic regions in each ORF. Taking into account
this information, specific primers were designed to
include in the 5′and 3′, a restriction enzyme site to
facilitate vector insertion [ASFV-Q706L, clone using
NdeI (5′) and XhoI (3′); ASFV-QP509L, clone using
SacI (5′) and XhoI (3′)] and the correspondent
DNA fragments were amplified by PCR. The PCR
reactions were performed as follows: 1x 98°C for 2′,
30x 98°C for 30′′, 72°C for 1′10′′ plus one extension
step of 72°C for 10′. After size confirmation in agar-
ose gel (1%), the fragments were purified and DNA
concentration was quantified (NanoDrop 2000c).
The DNA fragments were inserted in the pET24a
expression vector (Novagen) in order to add a C-
terminal 6xHis tag to allow purification. Two clones
per ORF were sequenced to confirm eventual
mutations and plasmids transformed into the E.coli
strain BL21(DE3)-pLysS (Novagen) and grown in
LB medium (10 g tryptone, 5 g yeast extract, 5 g
NaCl, pH 7.2), supplemented with kanamycin
(30 μg/ml) plus chloramphenicol (34 μg/ml), at 37°
C, with shaking at 200 rpm, until the OD600 reached
0.1–0.2. Protein expression was induced by adding
isopropyl-β-D-1-thiogalactopyranoside (IPTG,
1 mM, 5 h). After this step, bacterial cells were har-
vested by centrifugation (10,000g for 10 min, 4°C),
and washed with sterile water. The pellet was resus-
pended in binding buffer (20 mM sodium phosphate,
500 mM NaCl, 20 mM imidazole, pH 7.4) and cells
were lysed with a lysis solution (0.2 mg/ml lysozyme,
20 µg/ml DNAse and 1 mM PMSF) and sonicated for
5 × 5 min on ice (5 cycles, 70% amplitude). Lysates
were then centrifuged at 3000g for 15 min and pellets
were discarded. The extracts were thereafter filtered
(0.45 µm syringe filter Rotilabo®, CarlRoth) and incu-
bated with Ni Sepharose 6 Fast Flow slurry (GE
Healthcare) for 1 h. The mixture was loaded onto a
PD-10 column (GE Healthcare), washed with binding
buffer solution (20 mM sodium phosphate, 500 mM
NaCl, pH 7.4) containing increasing concentrations
of imidazole (40, 60, and 80 mM), and the recombi-
nant fragments of pQP509L and pQ706L were eluted
with an elution buffer (20 mM sodium phosphate,
500 mM NaCl, 500 mM imidazole, pH 7.4). Finally,
fractions were collected in low-binding tubes (Maxy-
mum Recovery® TM tubes, Axygen, Corning Life
Sciences, Amsterdam, The Netherlands), analysed by
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SDS-PAGE and the recombinant proteins, purified
under native conditions and stored at −80°C until
further use.

Antibody production

Briefly, young female mice (BALB/c, 4–6-week-old)
were injected subcutaneously with 100 μg of each pur-
ified fragment of ASFV-pQP509L and ASFV-pQ706L,
in a mixture with Freund’s complete adjuvant. Follow-
ing the primary injection, two booster injections were
administered at 2-week intervals. After 10 days from
the date of the second booster injection, the total
blood was collected and sera were aliquoted and stored
at −20°C until further use. The specificity of the poly-
clonal antiserum was tested against purified recombi-
nant ASFV-pQP509L and ASFV-pQ706L and whole
infected-cells extracts.

Immunofluorescence and microscopy analysis

Vero cells seeded on glass coverslips (1 × 105/cm2) were
mock-infected or infected with the ASFV Ba71V isolate
(MOI of 1). At 8, 12, and 16 hpi, cells were fixed in
3.7% paraformaldehyde and HPEM buffer [25 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid), 60 mM PIPES (piperazine-N,N′-bis 2-etha-
nesulfonic acid), 10 mM EGTA (ethylene glycol
tetraacetic acid), and 1 mM MgCl2] for 15 min, at
room temperature, and permeabilized with PBS/Tx-
100 (0.5%, v/v) during 5 min. Following this step,
cells were washed in PBS, blocked with PBST/BSA
(3%, w/v) for 30 min and incubated with the appropri-
ate primary and secondary antibodies. The immunos-
taining of ASFV-pQP509L and ASFV-pQ706L and
ASFV-infected cells was achieved by incubation with
two in-house primary antibodies: mouse anti-ASFV-

pQP509L and anti-ASFV-pQ706L (1:10 in PBST,
0.01%, overnight, 4°C) and swine anti-ASFV polyclo-
nal antibody (1:100, 1 h, RT). Two secondary fluor-
escent-conjugated antibodies were used as follows:
anti-mouse FITC (1:300, sc-2099, Santa Cruz Biotech-
nology) and anti-swine Texas Red (1:500, ab6775,
Abcam). Between each antibody incubation, cells
were washed twice with PBS (5 min) and once with
PBST (0.1% v/v, 5 min). All incubations were per-
formed in a dark humidified chamber to prevent fluor-
ochrome fading and a mounting medium with DAPI
(4′,6-diamidino-2-phenylindole) was used to detect
the cell nucleus and viral factories (Vectashield, Vector
Laboratories, Peterborough, UK).

Fluorescence images were acquired using an
epifluorescence microscope equipped with a 40× objec-
tive (Leica DMR HC model, Wetzlar, Germany) and
data sets were acquired with the Adobe Photoshop
CS5 software (Adobe Systems, Inc., San Jose, USA).
Images were subsequently processed using the ImageJ
open source software (version IJ 1.48 g, National Insti-
tutes of Health, Bethesda, MD, USA).

Immunoblot analysis

Vero cells grown in 30 mm dishes were infected with
the ASFV-Ba71 V isolate (MOI of 5) and when indi-
cated, exposed to cytosine arabinoside (50 µg/ml,
AraC; Sigma-Aldrich), after the adsorption period
(1 h). Following this step and before protein extraction,
mock-infected, infected, and AraC-treated infected-
cells were washed twice with PBS and then lysed in
ice-cold modified RIPA buffer [25 mM Tris, 150 mM
NaCl, 0.5% (v/v) NP40, 0.5% (w/v) sodium deoxyco-
late, 0.1% (w/v) SDS, pH 8.2] supplemented with a pro-
tease-inhibitor cocktail (cOmplete, Mini, EDTA-free,
Roche) and a phosphatase-inhibitor cocktail

Table 1. Primers used in the present study.
Target Primer designation Sequence (5´–3´) Target coordinatesa Orientation

ASFV-QP509L 509FwE GTGCCTGAGAAAGAGCGGTA 142562–142581 Forward
ASFV-QP509L 509FwI GTCCCACCACAACCTTTTCC 142927–142908 Forward
ASFV-QP509L 509RvI AATACACACAGGGCTAACGAAGT 142870–142848 Reverse
ASFV-Q706L 706FwE TCCCCGTCCAAATAGAAGCA 142211–142192 Forward
ASFV-Q706L 706FwI CAGGGGGAAAACACACGGG 142050–142032 Forward
ASFV-Q706L 706RvI AAGTGAGATGGCAAGCGACA 154439–154420 Reverse
Cyclophilin A CycloFw1 AGACAAGGTTCCAAAGACAGCAG – Forward
Cyclophilin A CycloRev AGACTGAGTGGTTGGATGGCA – Reverse
Cyclophilin A CycloFw2 TGCCATCCAACCACTCAGTCT – Forward
ASFV-B646L VP72Fw ACGGCGCCCTCTAAAGGT 88273–88290 Forward
ASFV-B646L VP72Rev CATGGTCAGCTTCAAACGTTTC 88322–88343 Reverse
ASFV-CP204L VP32Rev TCTTTTGTGCAAGCATATACAGCTT 108162–108186 Forward
ASFV-CP204L VP32Fw TGCACATCCTCCTTTGAAACAT 108228–108249 Reverse
ASFV-QP509L 509FwSacI1 GAGCTCATGGCTTACAATAATGCAGCGTG 143213–143194 Forward
ASFV-QP509L 509RvXhoI1 CTCGAGAGGGCTAACGAAGTCAGGA 142875–142857 Reverse
ASFV-QP509L 509FwSacI2 GAGCTCATGTACGGGCGTAGAGGCA 142529–142514 Forward
ASFV-QP509L 509RvXhoI2 CTCGAGTTTGGACGGGGAAGGA 142215–142200 Reverse
ASFV-Q706L 706FwNdeI1 CATATGATGTATGAAAGATTCTACACCGCTTATG 141540–141516 Forward
ASFV-Q706L 706RvXhoI1 CTCGAGTTTTAGCATGCGCACTATTTT 141108–141088 Reverse
ASFV-Q706L 706FwNdeI2 CATATGATGTCTAAAACGGGAGCTGAGG 140742–140724 Forward
ASFV-Q706L 706RvXhoI2 CTCGAGTTCGTAAAAGGTATAGCCTAATCCTAC 140241–140215 Reverse
aPrimer coordinates are relative to Ba71 V sequence used has template for primer design.
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(PhosStop, Roche). Clarified whole-cell lysates har-
vested at 4, 8, 12, 14, 16, 18, and 20 hpi, were subjected
to SDS-PAGE gel electrophoresis using 8–16% (w/v)
polyacrylamide separating gels (Bio-Rad), and trans-
ferred to a 0.2 μm pore diameter nitrocellulose mem-
brane (Whatman Schleicher & Schuell) by
electroblotting. Blot membranes were then blocked
with phosphate-buffered saline plus 0.05% (v/v)
Tween-20 (PBST), containing 5% (w/v) of BSA
(Sigma-Aldrich), during 1 h at RT, and thereafter incu-
bated with specific primary antibodies (RT,1 h), fol-
lowed by a wash step with PBST (3 × 10 min). The
membranes were then incubated with appropriate sec-
ondary antibodies conjugated with HRP, for 1 h, at RT.
Finally, a wash step in PBST (3 × 10 min) was per-
formed before protein detection with a chemilumines-
cence detection kit (Pierce® ECL Western Blotting
Substrate, Thermo Scientific), on Amersham
Hyperfilm ECL (GE Healthcare). α-Tubulin was used
as a loading control. For the blot analysis, three pri-
mary antibodies (anti- ASFV-pQP509L and ASFV-
pQ706L, 1:100; anti-α-tubulin, 1:1250, #2125, Cell Sig-
nalling Technology) and two HRP-conjugated second-
ary antibodies were used (anti-rabbit IgG, 1:10000,
4010–05; anti-mouse IgG, 1:30000, 1010–05; both
from SouthernBiotech). All antibody dilutions were
performed in blocking solution and incubated accord-
ing to the manufacturers’ recommendations.

siRNA assays

Four double-stranded siRNAs (ON-TARGETplus,
Thermo Fisher Scientific) targeting different sequence
regions of the ASFV-QP509L and ASFV-Q706L tran-
scripts were designed (siDESIGN Center, Thermo
Fisher Scientific), based on the full genome sequence
of ASFV Ba71 V isolate (GenBank/EMBL, accession
number: ASU18466). One siRNA against the
GAPDH gene (siRNA-GAPDH; Silencer™ GAPDH
siRNA human control number 4605; Ambion/Thermo
Fisher Scientific) was used as a control in all siRNA
assays. The siRNA sequences used in the study are
shown in Table 2. All siRNAs duplexes were diluted
at different final concentrations (10, 50, and 100 nM)
in serum-free Opti-MEM (Gibco) and using 8 μl
HiPerfect Transfection reagent (Qiagen). Mixtures

were incubated at room temperature for 20 min to
allow the formation of transfection complexes. There-
after, 100 μl of the transfection solution was incubated
with 2 × 104 Vero cells cultured in 500 μl of DMEM
supplement with 10% FBS in a 24-well plate, during
8 h. One hour before infection, the culture medium
was removed and fresh medium was added to allow
recovery of the cells. Next, cells were infected with
ASFV Ba71V (MOI = 0.1) during one hour and har-
vested at 37°C for 16 hpi for quantification of the
viral transcripts or 72 h for quantification of genome
copy number and viral progeny titration. Due to econ-
omic and practical reasons, only the two siRNAs
duplexes that showed higher inhibitory results (CPE
reduction) were used for these assays. To ensure high
RNA concentrations, the siRNA assays were performed
in quadruplicated and the qPCR assay was performed
in duplicate to improve the biological relevance of
the results. The ASFV-genome copy number was esti-
mated by measuring B646L gene using qPCR and Taq-
Man probes [55].

Statistical analysis

The GraphPad Prism software (version 7.02) was used
to perform statistical analysis. The Kolmogorov–Smir-
nov test was used to verify the normal distribution of
data from the RNAi assays (mRNA expression, ASFV
genome copy number and virus titre) and differences
between experimental groups were identified by the
non-parametric Wilcoxon–Mann–Whitney test. p-
values less than 0.05 were considered statistically
significant.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by Fundação para a Ciência e a
Tecnologia (CIISA-UID/CVT/00276/2019) and by the Euro-
pean Union’s Seventh Framework Programme (FP7/2007-
2013, 311931, ASFORCE). FBF and GF were supported by
doctoral scholarships from Fundação para a Ciência e a Tec-
nologia (SFRH/BD/89426/2012, SFRH/BD/104261/2014).

Table 2. siRNA sequences to knockdown ASFV-QP509L and ASFV-Q706L transcripts.
Target siRNA designation Sequence (5´–3´) Target coordinatesa Orientation

ASFV-QP509L QP509_IF GCAAGAAGCCUGAGCAGUUUUUU 596–614 Sense
ASFV-QP509L QP509_IR AAAACUGCUCAGGCUUCUUGCUU 596–614 Anti-sense
ASFV-QP509L QP509_IIF AGCAAGAAAUGGUCGAUAAUUUU 302–320 Sense
ASFV-QP509L QP509_IIR AAUUAUCGACCAUUUCUUGCUUU 302–320 Anti-sense
ASFV-Q706L Q706_IF GGAUAAGGCCCGAGAGGAUUUUU 1566–1584 Sense
ASFV- Q706L Q706_IR AAAUCCUCUCGGGCCUUAUCCUU 1566–1584 Anti-sense
ASFV-Q706L Q706_IIF CCGAAAUGCUAACAGUAAAUUUU 1043–1061 Sense
ASFV- Q706L Q706_IIR AAUUUACUGUUAGCAUUUCGGUU 1043–1061 Anti-sense
asiRNA coordinates according to the relative position in gene nucleotide sequence (start at position 1, ATG).

300 F. B. Freitas et al.



ORCID

Ferdinando B. Freitas http://orcid.org/0000-0002-1218-
5052
Gonçalo Frouco http://orcid.org/0000-0001-8216-8752
Carlos Martins http://orcid.org/0000-0001-6600-6163
Fernando Ferreira http://orcid.org/0000-0001-5765-576X

References

[1] Montgomery RE. A form of swine fever occurring in
British East Africa (Kenya Colony). J Comp Pathol.
1921;34:159–191.

[2] Tulman ER, Delhon GA, Ku BK, et al. African swine
fever virus. Curr Top Microbiol Immunol.
2009;328:43–87.

[3] Costard S, Wieland B, de Glanville W, et al. African
swine fever: how can global spread be prevented?
Philos Trans RSocLond B. Biol. Sci. 2009;364:2683–
2696.

[4] Penrith ML, Vosloo W. Review of African swine fever:
transmission, spread and control. J S Afr Vet Assoc.
2009;80:58–62.

[5] Sánchez-Vizcaíno JM, Mur L, Gomez-Villamandos JC,
et al. An update on the epidemiology and pathology of
African swine fever. J Comp Pathol. 2015;152:9–21.

[6] Gulenkin VM, Korennoy FI, Karaulov AK, et al.
Cartographical analysis of African swine fever out-
breaks in the territory of the Russian Federation and
computer modeling of the basic reproduction ratio.
Prev Vet Med. 2011;102:167–174.

[7] Stokstad E. Deadly virus threatens European pigs and
boar: African swine fever outbreak alarms wildlife biol-
ogists and veterinarians. Science. 2017;358:1516–1517.

[8] WAHID. Disease information. WAHID database.
[cited 2018 Nov]. Available from: https://www.oie.
int/wahis_2/public/wahid.php/Diseaseinformation/
Immsummary.

[9] Arias M, de la Torre A, Dixon L, et al. Approaches and
perspectives for development of African swine fever
virus vaccines. Vaccines. 2017;5:1–20.

[10] Galindo I, Alonso C. African swine fever virus: a
review. Viruses. 2017;9:1–10.

[11] Ranji A, Boris-Lawrie K. RNA helicases: emerging roles
in viral replication and the host innate response. RNA
Biol. 2010;7:775–787.

[12] Frick DN, Lam AMI. Understanding helicases as a
means of virus control. Curr Pharm Des.
2006;12:1315–1338.

[13] Shuman S. Vaccinia virus RNA helicase: an essential
enzyme related to the DE-H family of RNA-dependent
NTPases. Proc Natl Acad Sci USA. 1992;89:10935–
10939.

[14] Briguglio I, Piras S, Corona P, et al. Inhibition of RNA
helicases of ssRNA+ virus belonging to Flaviviridae,
Coronaviridae and Picornaviridae families. Int J Med
Chem. 2011;2011:1–22.

[15] Rodríguez JM, Salas ML. African swine fever virus
transcription. Virus Res. 2013;173:15–28.

[16] Baylis SA, Twigg SRF, Vydelingum S, et al. Three
African swine fever virus genes encoding proteins
with homology to putative helicases of vaccinia virus.
J Gen Virol. 1993;74:1969–1974.

[17] Roberts PC, Lu Z, Kutish GF, et al. Three adjacent genes
of African swine fever virus with similarity to essential
poxvirus genes. Arch Virol. 1993;132:331–342.

[18] YáñezRJ, Rodríguez JM,BoursnellM, et al. Twoputative
African swine fever virus helicases similar to yeast
‘DEAH’ pre-mRNA processing proteins and vaccinia
virus ATPases D11L andD6R. Gene. 1993;134:161–174.

[19] Yutin N, Koonin EV. Hidden evolutionary complexity
of nucleo-cytoplasmic large DNA viruses of eukar-
yotes. Virol J. 2012;9:1–18.

[20] Jeang K-T, Yedavalli V. Role of RNA helicases in HIV-
1 replication. Nucleic Acids Res. 2006;34:4198–4205.

[21] Jankowsky E. RNA helicases at work: binding and
rearranging. Trends Biochem Sci. 2011;36:19–29.

[22] Chattopadhyay S, Chen Y, Weller SK. The two heli-
cases of herpes simplex virus type 1 (HSV-1). Front
Biosci. 2006;11:2213–2223.

[23] Jankowsky E, Gross CH, Shuman S, et al. The DExH
protein NPH-II is a processive and directional motor
for unwinding RNA. Nature. 2000;403:447–451.

[24] Christensen J, Tattersall P. Parvovirus initiator protein
NS1 and RPA coordinate replication fork progression
in a reconstituted DNA replication system. J Virol.
2002;76:6518–6531.

[25] Utama A, Shimizu H, Hasebe F, et al. Role of the DExH
motif of the Japanese encephalitis virus and hepatitis C
virus NS3 proteins in the ATPase and RNA helicase
activities. Virology. 2000;273:316–324.

[26] Linder P, Jankowsky E. From unwinding to clamping -
the DEAD box RNA helicase family. Nat Rev Mol Cell
Biol. 2011;12:505–516.

[27] Freije JM, Lain S, Vinuela E, et al. Nucleotide sequence
of a nucleoside triphosphate phosphohydrolase gene
from African swine fever virus. Virus Res.
1993;30:63–72.

[28] Yang Q, Del Campo M, Lambowitz AM, et al. DEAD-
Box proteins unwind duplexes by local strand separ-
ation. Mol Cell. 2007;28:253–263.

[29] Yang Q, Jankowsky E. The DEAD-box protein Ded1
unwinds RNA duplexes by a mode distinct from translo-
cating helicases. Nat Struct Mol Biol. 2006;13:981–986.

[30] Bizebard T, Ferlenghi I, Iost I, et al. Studies on three
E. coli DEAD-box helicases point to an unwinding
mechanism different from that of model DNA heli-
cases. Biochemistry. 2004;43:7857–7866.

[31] Bastos ADS, Penrith ML, Crucière C, et al. Genotyping
field strains of African swine fever virus by partial p72
gene characterisation. Arch Virol. 2003;148:693–706.

[32] Lubisi BA, Bastos AD, Dwarka RM, et al. Molecular
epidemiology of African swine fever in East Africa.
Arch Virol. 2005;150:2439–2452.

[33] Boshoff CI, Bastos AD, Gerber LJ, et al. Genetic charac-
terisation of African swine fever viruses from out-
breaks in southern Africa (1973–1999). Vet
Microbiol. 2007;121:45–55.

[34] Michaud V, Randriamparany T, Albina E.
Comprehensive phylogenetic reconstructions of
African swine fever virus: proposal for a new classifi-
cation and molecular dating of the virus. PLoS One.
2013. doi:10.1371/journal.pone.0069662.

[35] Rowlands RJ, Michaud V, Heath L, et al. African swine
fever virus isolate, Georgia, 2007. Emerg Infect Dis
2008;14:1870–1874.

[36] Chapman DA, Darby AC, Da Silva M, et al. Genomic
analysis of highly virulent Georgia 2007/1 isolate of
African swine fever virus. Emerg Infect Dis.
2011;17:599–605.

[37] Duffy S, Shackelton LA, Holmes EC. Rates of evol-
utionary change in viruses: patterns and determinants.
Nat Rev Genet. 2008;9:267–276.

Emerging Microbes & Infections 301

http://orcid.org/0000-0002-1218-5052
http://orcid.org/0000-0002-1218-5052
http://orcid.org/0000-0001-8216-8752
http://orcid.org/0000-0001-6600-6163
http://orcid.org/0000-0001-5765-576X
https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Immsummary
https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Immsummary
https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Immsummary
https://doi.org/10.1371/journal.pone.0069662


[38] Grenfell BT, Pybus OG, Gog JR, et al. Unifying the epi-
demiological and evolutionary dynamics of pathogens.
Science. 2004;303:327–332.

[39] AlkhamisMA,GallardoC, JuradoC, et al. Phylodynamics
and evolutionary epidemiology of African swine fever
p72-CVR genes in Eurasia and Africa. PLoS One. 2018.
doi:10.1371/journal.pone.0192565.

[40] García-Beato R, Salas ML, Viñuela E, et al. Role of the
host cell nucleus in the replication of African swine
fever virus DNA. Virology. 1992;188:637–649.

[41] Simões M, Martins C, Ferreira F. Early intranuclear
replication of African swine fever virus genome mod-
ifies the landscape of the host cell nucleus. Virus Res.
2015;210:1–7.

[42] Dumont S, Cheng W, Serebrov V, et al. RNA transloca-
tion and unwinding mechanism of HCV NS3 helicase
and its coordination byATP.Nature. 2006;439:105–108.

[43] Ma Y, Yates J, Liang Y, et al. NS3 helicase domains
involved in infectious intracellular Hepatitis C virus
particle assembly. J Virol. 2008;82:7624–7639.

[44] Mackintosh SG, Lu JZ, Jordan JB, et al. Structural and
biological identification of residues on the surface of
NS3 helicase required for optimal replication of the
hepatitis C virus. J Biol Chem. 2006;281:3528–3535.

[45] Lam AMI, Frick DN. Hepatitis C virus subgenomic
replicon requires an active NS3 RNA helicase. J
Virol. 2006;80:404–411.

[46] Gross CH, Shuman S. The nucleoside triphosphatase
andhelicase activities of vaccinia virusNPH-II are essen-
tial for virus replication. J Virol. 1998;72:4729–4736.

[47] Fernández A, Guo H. The motif V of plum pox poty-
virus CI RNA helicase is involved in NTP hydrolysis
and is essential for virus RNA replication. Nucleic
Acids. 1997;25:4474–4480.

[48] Kuraku S, Zmasek CM, Nishimura O, et al. Aleaves facili-
tates on-demand exploration of metazoan gene family
trees on MAFFT sequence alignment server with
enhanced interactivity. Nucleic Acids Res. 2013;41:22–28.

[49] Katoh K, Rozewicki J, Yamada KD. MAFFT online ser-
vice: multiple sequence alignment, interactive sequence
choice and visualization. Brief Bioinform. 2017. doi:10.
1093/bib/bbx108.

[50] Nei M, Kumar S. Molecular evolutionand phyloge-
netics. New York: Oxford University Press; 2000.

[51] Kumar S, Stecher G, Tamura K. MEGA7: molecular
evolutionary genetics analysis version 7.0 for bigger
datasets. Mol Biol Evol. 2016;33:1870–1874.

[52] Le SQ, Gascuel O. An improved general amino acid
replacement matrix. Mol Biol Evol. 2008;25:1307–1320.

[53] Carrascosa AL, Bustos MJ, de Leon P. Methods for
growing and titrating African swine fever virus: field
and laboratory samples. Curr Protoc Cell Biol.
2011;53:1–25.

[54] Pfaffl MW. A new mathematical model for relative
quantification in real-time RT–PCR. Nucleic Acids
Res. 2001;29:2002–2007.

[55] King DP, Reid SM, Hutchings GH, et al. Development
of a TaqMan® PCR assay with internal amplification
control for the detection of African swine fever virus.
J Virol Methods. 2003;107:53–61.

302 F. B. Freitas et al.

https://doi.org/10.1371/journal.pone.0192565
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/bib/bbx108

	Abstract
	Introduction
	Results
	The ASFV DEAD-box RNA helicases QP509L and q706l are conserved among virulent and non-virulent isolates, uncovering genotype clustering and showing partial homology with RNA helicases of other NCLDV
	QP509L and Q706 ASFV genes are transcribed during infection, encoding for two intermediate-late proteins with distinct localization
	QP509L and q706l ASFV RNA helicases are required for viral infection showing non-redundant functions

	Discussion
	Material and methods
	Phylogenetic analysis
	Cells and viruses
	RNA extraction and cDNA synthesis
	Recombinant plasmids
	Standard curves optimization
	Quantitative PCR
	Cloning, expressing and purifying recombinant fragments of ASFV-QP509L and ASFV-Q706L
	Antibody production
	Immunofluorescence and microscopy analysis
	Immunoblot analysis
	siRNA assays
	Statistical analysis

	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


