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A B S T R A C T

Epstein Barr virus (EBV) has a large DNA genome assumed to be stable, but also subject to mutational processes
such as nucleotide substitution and recombination, the latter explored to a lesser extent. Moreover, differences in
the extent of recombination events across herpes sub-families were recently reported. Given the relevance of
recombination in viral evolution and its possible impact in pathogenesis, we aimed to fully characterize and
quantify its extension in all available EBV complete genome by assessing global and local recombination rate
values (⍴/bp).

Our results provide the first EBV recombination map based on recombination rates assessment, both at a
global and gene by gene level, where the mean value for the entire genome was 0.035 (HPDI 0.020–0.062) ⍴/bp.
We quantified how this evolutionary process changes along the EBV genome, and proved it to be non-homo-
geneous, since regulatory regions depicted the lowest recombination rate values while repetitive regions the
highest signal. Moreover, GC content rich regions seem not to be linked to high recombination rates as pre-
viously reported.

At an intragenic level, four genes (EBNA3C, EBNA3B, BRRF2 and BBLF2-BBLF3) presented a recombination
rate above genome average. We specifically quantified the signal strength among different recombination-in-
itiators previously described features and concluded that those which elicited the greatest amount of changes in
⍴/bp, TGGAG and CCCAG, were two well characterized recombination inducing motifs in eukaryotic cells.
Strikingly, although TGGAG was not the most frequently detected DNA motif across the EBV genome (697 hits),
it still induced a significantly greater proportion of initiation events (0.025 events/hits) than other more re-
presented motifs, p-value= 0.04; one tailed proportion test.

Present results support the idea that diversity and evolution of herpesviruses are impacted by mechanisms,
such as recombination, which extends beyond the usual consideration of point mutations.

1. Introduction

Epstein Barr virus (EBV) or Human gammaherpesvirus 4 is one of the
most successful human viruses, which has co-evolved with its host since
the origins of mankind (Ba Abdullah et al., 2017). Viral evolution is
driven by the joint processes of mutation and recombination which,
given the case of an improvement in fitness, may be later fixed by
immune selective pressure and genetic drift. While mutations may in-
troduce single nucleotide substitution or even result in small insertions
and deletions, recombination is a major source of genomic rearrange-
ment (Ba Abdullah et al., 2017; Arenas et al., 2017). Recombination is a
frequent phenomenon with high impact in viral evolution. Concerning

DNA viruses, this phenomenon is one of the major events participating
in the emergence of new viral variants, alterations in virulence and
pathogenesis; modulation of immunosurveillance evasion; tissue
tropism or antiviral resistance (Martin et al., 2011a) and even poses a
challenge for diagnostic purposes (Martin et al., 2011b).

For recombination to occur, at least two viral variants must co-in-
fect the same cell. In this way recombination may be homologous
(between the same loci in both parental strands) or non-homologous
(occurring in different regions of the genetic fragments involved, fre-
quently leading to aberrant structures (Galli and Bukh, 2014). Re-
combination does not create new mutations at the nucleotide level but
introduces new combinations of the existing ones, which would be
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hardly attainable by mere substitution, even for fast evolving large
virus populations. In this way linked mutations previously incorporated
in a genomic region can be transferred to another region by a single
recombination event (Pérez-Losada et al., 2015).

Recombination frequency varies among viral families and even
throughout subfamilies. Extensive recombination events have been
described across the genomes of alpha-herpesviruses such as VZV
(Varicella Zoster virus or Human alphaherpesvirus 3) and HSV 1 (Herpes
Simplex virus 1 or Human alphaherpesvirus 1) as well as for beta-her-
pesviruses such as HCMV (Human Cytomegalovirus or Human beta-
herpesvirus 5) (Renner and Szpara, 2018). However, to date, no genome-
wide studies concerning recombination in gamma-herpesviruses were
performed.

EBV, the gamma-herpesvirus type specie, is transmitted among in-
dividuals through saliva. Following primary infection, which may de-
velop into infectious mononucleosis (IM), latent infection is established
in memory B cells. Although latency supposes no risk for the im-
munocompetent individual, it is this type of infection that is usually
associated with neoplastic pathologies, including Hodgkin lymphoma
(HL), Burkitt lymphoma (BL), nasopharyngeal carcinoma (NPC), gastric
carcinoma, T-cell lymphoma and lymphoproliferative disorders in im-
munocompromised individuals (PTLD) (Young et al., 2016). Yet, the
involvement of EBV in the etiology, progression and/or outcome of
these malignancies is not completely understood. Association of EBV
with these pathologies varies dramatically in different geographic re-
gions (extensively reviewed in (Chang et al., 2009)). Even though dif-
ferences in viral association with malignancies may be accounted for by
other factors, there is also the possibility that disease-specific genetic
variation in EBV in different parts of the world might account for them
(Tzellos and Farrell, 2012). In this regard, the major source of variation
in EBV is given by the EBNA2 and EBNA3 genes, which allow for a
broad classification into type 1 and type 2 EBV; where type 1 EBV has a
worldwide prevalence, while type 2 EBV is prevalent in sub-Saharan
Africa and in Papua-New Guinea (Tzellos and Farrell, 2012). Moreover,
recombination between type 1 and type 2 EBV was described (Palser
et al., 2015). Evenmore, when considering single nucleotide poly-
morphisms in specific genes, EBV may be further classified into viral
variants which also display geographic distribution patterns, mainly to
Asia, the Americas, Europe and Africa (Ba Abdullah et al., 2017; Palser
et al., 2015; Chiara et al., 2016; Correia et al., 2017). However, to date
no study has undoubtedly addressed sequence variation and its geo-
graphic distribution pattern considering the whole extent of the viral
genome.

Given the relevance of the process of recombination in viral evo-
lution and its possible impact in viral pathogenesis, it is important not
only to detect but also to fully characterized and quantify its extension
in various viral isolates from different sources. Regarding quantifica-
tion, recombination rate is often used as a measure of the frequency of
recombination events in a data-set (Castelhano et al., 2017).

Since we previously described a recombinant variant of LMP1, the
major EBV oncoprotein, as the predominant genetic variant circulating
in our region (Gantuz et al., 2017); we sought to assess global (entire
genome) and local (gene level) recombination rates in a data-set con-
taining all available whole genome EBV sequences. We quantified how
this evolutionary process changes along different genomic regions,
namely CDS, exons, introns, and different repetitive regions among
others. Moreover, we specifically quantified the signal strength among
different recombination-initiators features reported in bibliography
(Brown, 2014).

Our results agree with previous literature in that repetitive regions
in EBV genome are key features for the recombination process.
Nevertheless, we observed no correlation between fold changes in re-
combination rate signal and GC content.

2. Methods

2.1. Data, sequence alignment and position mapping to reference genome

All available EBV complete or nearly complete genome sequences
were downloaded from NCBI nucleotide database during October 2017.
Accession numbers to sequences included in this work are shown in
Supplementary Table 1. All 171 sequences, including the reference
genome sequence (NCBI accession number NC_007605) were aligned
with MAFFT alignment tool (Katoh and Standley, 2013), with default
parameters, and the resulting multiple sequence alignment (MSA) was
trimmed to remove poorly aligned positions (those having> 95% of
gaps) with trimAl software (Capella-Gutierrez et al., 2009). The re-
sulting MSA mapped the reference to 96.5%, and was only longer by
3.06%, given open gaps within the alignment. Finally, each position in
the reference genome was mapped to the corresponding position within
the trimmed MSA by means of a personalized python script and a de-
fault “colnumbering” parameter in trimAl algorithm. This new genomic
position map allowed us to identify the precise position within the re-
ference genome of those recombination rate signal values inferred in
the MSA.

2.2. Recombination analysis

Local population recombination rates per site ρ/bp (4Ne.r/bp) were
estimated with a LDhat's stable version implemented in RDP4 software
(Martin et al., 2015). The program informs recombination rates for each
nucleotide. However, a first attempt to run RDP4/LDhat software with
the entire genomic MSA resulted in a data overflow that caused the
program to crash. In order to overcome this limitation, the MSA was
split in six sliding windows of 60Kbp, each of which overlapped the
preceding one by 50% in order to reduce border effects. Because of the
circular nature of viral DNA inside the infected cell, and the fact that
LMP2 gene encompasses coding sequences in both 5′ and 3′ terminal
regions of the genome, we considered the last sliding windows as a
circular structure, including both ends of linear alignment (MSA posi-
tions between 150,000 to 30,000 nt positions).or each sliding windows,
LDhat was run with ten million iterations of Monte Carlo Markov
Chains (MCMC) were implemented. Given the construction of the
sliding windows (50% overlapping), two ρ/bp values were obtained for
each nucleotide position, and the final reported ρ/bp values was the
mean value for each nucleotide position. Finally convergence was
checked by considering the 95% highest posterior density interval
(HPDI) using the ‘coalescent’ Rscript provided by LDHat authors (Auton
and McVean, 2007) … As a sanity check, an overall recombination test,
PHI test (Bruen et al., 2006), was performed for each analyzed windows
with RDP4 software as established by Castelhano et al. (2017).

2.3. Genomic feature annotation

Annotated genomic features were extracted from the reference
genome (NCBI accession number NC_007065). Gene positions, codi-
fying regions, introns, as well as regulatory and repeat motifs were
considered. A personalized python script that takes advantage of ‘bio-
python’ modules to extract the entire metadata contained in GenBank
files was used.

2.4. Repeats and DNA motif extraction

In order to analyze inverted and tandem repeats reported by Brown,
embos scripts ‘einverted’ (default parameters) and ‘etandem’ (min repeat
size= 10, max repeat size= 50, threshold score= 30) were used
(Brown, 2014).

Another personalized python script was used to localize re-
combination-inducing motifs and their reverse-complementary se-
quences. In all cases, the same number of DNA motifs found by our
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script was exactly the same as the numbers reported by Brown. These
DNA motifs were: i) a core chi-like recombination sequence (TGGTGG)
(Chuzhanova et al., 2009); ii) a canonical meiotic recombination motif (
CCTCCCCT) (Myers et al., 2005); iii) two sequences found to initiate
recombination events (TGGAG and CCCAG) (Bengesser et al., 2010); iv)
a human Ig class switch sequence (GGGCT) (Chuzhanova et al., 2009),
and v), a sequence found to arrest DNA synthesis by DNA polymerase α
(AGGAG) (Cullen et al., 2002).

2.5. Detection of recombination rate changes downstream of recombination-
inducing motifs

The mean recombination rate (ρ/bp) spanning 10 nucleotide
downstream and 10 nucleotides upstream of each recombination-in-
ducing motif was assessed and the ratio between them was calculated
with Eq. [1], in order to detect abrupt increases in recombination rate
signal. A bootstrapping test, considering 1000 randomly selected k-
mers (k= 5) along the genome, was performed on each computed
ρrel(motif) value so as to check for statistical significance (cut-off value was
5%).

=ρ rel motif
ρ/bp((10nt downstream of motif))

ρ/bp (10nt upstream of motif) (1)

3. Results

3.1. Repeat regions and GC content in the recombination process

Segregating sites, non-conservative positions which display poly-
morphisms between related genomic sequences in an alignment, were
detected across 57.9% of EBV genome (Fig. 1A). Interestingly, segre-
gating sites were found in 65 of 91 protein coding genes (73.6%), and
provided the context for recombination rates estimation. In this way, a
recombination rate map across the entire EBV genome was constructed
(Fig. 1B). This map evidenced the heterogeneous and highly variable
landscape of EBV recombination rate along its genome, denoted by
sharp peaks along specific genomic positions, which included viral
genes (depicted in Fig. 1B) and other regions. As a sanity check, a PHI
test (Bruen et al., 2006) was also computed for testing the overall
evidence of recombination in each analyzed windows, and significant
signals were found in all reported cases (p-value= 0.001, in all cases).

The mean recombination rate per base pair (ρ/bp= 4Ner/bp) for
the entire genome was 0.035 (HPDI 0.020 to 0.062, gray zone in
Fig. 1C). However, when recombination rates were grouped into
genomic categories (repeat region, mRNA, CDS, genes, exon, misc-
feature or regulatory regions), values fluctuated across> 4 orders of
magnitude; where repetitive regions displayed the highest recombina-
tion rate and regulatory regions the lowest. The remaining categories
that displayed recombination rates below genome average were other
coding regions and genes, particularly their exons (Fig. 1C). The finding
of repetitive regions displaying the highest recombination rate signals
was not surprising and consistent with the idea that repetitive regions
provide an appropriate genomic context for homologous recombination
(Brown, 2014; Guiretti et al., 2007). On the other hand, it is worth to
mention that even though these regions displayed a recombination rate
one order of magnitude above other regions, they still presented low
nucleotide diversity (π), which suggests that recombination rate is not
given by nucleotide diversity (Table 1). Moreover, the correlation be-
tween per site mutation rate and recombination rate was not significant
(ρspearman= 0.17, p-value =0.13) (Fig. S1). As an additional sanity
check, in order to prove that the depicted signals are not due to arte-
facts derived from alignment difficulties, no correlation was observed
between the mean recombination rate per region and the mean align-
ment quality, the latter calculated as the fraction of well aligned se-
quences (absence of gaps) in each position (ρspearman=−0.035, p-value
=0.94).

To further explore the impact of repetitive regions in more detail, all
those annotated in NC_007605 reference genome, including type A-D
repeat families, tandem, inverted repeats and terminal repeats, as well
as internal repeats (IR1-4 annotated in AG876 genome), were con-
sidered for recombination rate estimation. Repetitions in tandem, that
showed a recombination signal above the mean genome value, were
located in EBNA family of genes, genes (genome position 87834 to
88043). As well, another class of repeats, namely type A, B, C and D
repeat families within genome positions 81920–82781 bp are also
among the most exposed regions to recombination. Tandem repeats in
LMP1 gene also displayed a recombination signal, but below genome
mean ρ/bp (168036 to 168134 bp). Otherwise than expected, no re-
combination signal was found when assessing inverted or internal re-
peats; however, it is important to highlight that the lack of signal in the
these type of repeats may be due to the fact that they fall within
genomic regions that display insufficient segregating sites to render
them conclusive or just be the consequence of repetitive sequences
having been trimmed out during genome de novo assembly in a pro-
portion of the studied data set (Fig. 1A, nt [7500–25000]) (Ba Abdullah
et al., 2017).

Further analysis, correlating GC content in the mentioned genomic
regions and their mean ρ/bp value, failed to achieve a statistical sig-
nificance between them (ρspearman= 0; p-value= 1; Spearman's rank
correlation). In this way, the cases of the repeated regions and mis-
cellaneous features categories may be highlighted; which despite
having the greatest GC content, displayed the highest and lowest mean
ρ/bp values, respectively (Table 1). Furthermore, there was no corre-
lation between the GC content in each of the individually analyzed
genes and its observed recombination rate (ρspearman=−0.02, p-
value= 0.86; Spearman's rank correlation, data not shown). However,
a word of caution should be spoken regarding to the role of high GC
content in the recombination process, since it was previously suggested
that high GC content and repetitive regions could be present in viral
genomes with the putative function of increasing viral potential to re-
combine (Brown, 2014).

3.2. Recombination rate in viral protein-coding genes

Next, the effect of recombination signal distribution among all
protein-coding genes was explored. Fig. 2 showed the mean re-
combination rate per bp for all 65 protein-coding genes that displayed a
measurable signal. It is worth to mention that the mean ρ/bp value,
allows for comparison among genes of different lengths, while the
corresponding HPDI (error bars shown if Fig. 2) accounts for intragenic
heterogeneity of ρ/bp signal. This means that in a gene with a large
HPDI interval, more variability in ρ/bp signal is expected.

It could be noticed from Fig. 2, that EBNA3C and EBNA3B (members
of the EBNA3 gene family which participates in attenuating DNA da-
mage responses during EBV infection and transformation of naive B
cells) (Wang et al., 2015), BRRF2 (tegument protein) (Lindsey, 2017)
and BBLF2-BBLF3 (an accessory protein to the viral helicase-primase
complex) (Thierry et al., 2015) displayed a recombination signal sta-
tistically higher than that observed for the entire genome. Statistical
significance was considered when the gene's HPDI interval did not
overlap with the whole genome's HPDI (gray area) in Fig. 2. Other
genes such as BZLF2 (codes for viral glycoprotein gp42) (Rowe et al.,
2011) and BZLF1 (viral master regulator protein involved in latent to
lytic cycle switch) (Lorenzetti et al., 2014) also displayed mean ρ/bp
values above genome average, but with overlapping HPDI. In a similar
way, other 25 genes had a recombination rate similar to that of the
entire genome. On the contrary, the remaining 34 genes displayed a
lower recombination signal than that observed for the entire genome.
Hence, the fact that the majority of genes had a mean ρ/bp value below
genome average without an overlapping HPDI suggested that viral
genes were relatively stable to recombination events, consistent with
the genomic stability of herpesviruses. However, caution should be
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applied in cases such as for BKRF2 (virion glycoprotein) (Dolan et al.,
2006), BFRF2 (early lytic protein and late promoter activator)
(McKenzie et al., 2016) and BFLF1 (crucial for cleavage and packaging
of viral particles) (McKenzie et al., 2016; Pavlova et al., 2013), which
despite of a low mean ρ/bp value, have a wide HPDI. The large HPDI
could mean that these genes have at least one region with a high ρ/bp
value (e.g. BFLF1 peak in Fig. 1), while low or null in the rest of the
gene.

Overall, our results demonstrated that some genes within the viral
genome were more prone to suffer recombination than others (inter-
genomic heterogeneity). Moreover, the high variability of HPDI inter-
vals across individual genes suggested that recombination signal was
more heterogeneous in some genes than in others (intragenic hetero-
geneity).

3.3. Recombination-inducing DNA sequences

Given that Brown (2014) suggested the existence of specific DNA
sequences related to the initiation of the recombination process, we
extended our study to assess the occurrence of these DNA features in the
present data set and their relation with each gene's recombination rate.
Six recombination-initiating features were tested. Initiation events were
considered when the fold-change in the recombination rate signal,
(downstream/upstream, see methods for details), of each of the selected
DNA motifs was greater than expected by chance. Moreover, this ana-
lysis was executed in a sense and anti-sense direction separately, so as
to consider genetic elements coding in both DNA strands. Fig. 3A re-
presents an example of a detected recombination signal change down-
stream of the CCCAG recombination-initiating sequence within

Fig. 1. EBV recombination map. (A) Positioning of segregating site along the entire EBV genome. (B) Recombination signal map along the entire EBV genome. Only
regions with sufficient segregating sites were used to compute recombination signal. Only genes with signal spikes above genome average are shown over signal's
peak. Nucleotide positions relative to NC_007605 reference genome. (C) Recombination rate distribution in EBV genomic categories; only those categories with>10
detected events are shown. Gray stripe denotes the 95% HPDI for genome's mean ρ/bp value.
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EBNA3C gene.
Among the studied DNA sequences, CCCAG and TGGAG, which

were well known recombination initiator sequences, preceded the
greatest amount of changes in recombination rate signal (20 and 18
events, respectively); followed by GGGCT, a human immunoglobulin
class-switch inducing sequence (14 events); and finally by AGGAG and
TGGTGG (9 and 5 events, respectively) (Fig. 3B). Strikingly, although
TGGAG was not the most frequently detected DNA motif across the EBV
genome (697 hits), it still induced a significantly greater proportion of
initiation events (0.025 events/hits) than other more represented motif,
e.g. AGGAG (0.012 events/hits), p-value=0.04; one tailed proportion
test.

On the contrary, a classical meiotic recombination sequence in
humans, CCTCCCT, was barely detected in the EBV genome (28 hits)

and was not associated with changes in recombination rate signal.
When focusing the analysis in individual genes, and taking into

consideration the direction of transcription, no significant differences in
recombination rate signals were detected among the forward and re-
verse transcribing genes; not in the amount of genes presenting changes
in ρ/bp (16 forward genes vs 13 reverse genes), nor in the distribution
of signal change magnitude (p-value=0.11, Kolmogorov-Smirnov one
side test) (Fig. 3C and D).

In accordance with our previous results the CCCAG sequences was
the most widely distributed, in both, forward (9/16) and reverse tran-
scribing genes (7/13), followed by TGGAG sequence in (7/16) forward
genes and (6/13) reverse genes (Fig. 3 C and D).

Considering each gene as a separate coding element, BBLF2-BBLF3,
one of the genes with a recombination signal statistically higher than
that observed for the entire genome (Fig. 2), contained the 5 re-
combination inducing sequences. Other two genes with high re-
combination rates were BRRF2 and EBNA3B, interestingly they both
contained CCCAG sequence; moreover, EBNA3B additionally contained
the GGGCT sequence. Even though EBNA3C, the last gene to show a
recombination rate above genome average, did not contain any re-
combination-initiating sequence, its recombination potential may be
contributed to by its internal repeats.

4. Discussion

Given the recent advances in NGS technologies it is now possible to
obtain complete sequences of viruses with large genomes, like EBV.
This technology has provided a new layer of analysis, facilitating the
study of polymorphisms and structural alterations in a global genomic
scale. In fact, recombination has been studied in herpesviruses such as
HSV-1, VZV and HCMV (reviewed in (Renner and Szpara, 2018)). In
particular, Lasalle et al. found that recombination is a widespread
phenomenon in HCMV (Lassalle et al., 2016). On the other hand, this
issue is more controversial in HSV-1. While Szpara et al. described

Table 1
Basic statistics by genomic category.

Category π Mean GC Mean ρ/bp Mean
length

Repeat region 0.0327 0.6548 0.1613 [0.1052–0.219] 869
mRNA 0.056 0.5566 0.0488 [0.259–0.0788] 939
CDS 0.046 0.5807 0.0163

[0.0106–0.0255]
1000

Gene 0.0417 0.4486 0.0148
[0.0086–0.0309]

1290

Exon 0.0288 0.5844 0.0105 [0.006–0.0237] 233
Regulatory 0.025 0.1599 0.0089

[0.0043–0.0296]
5.58

Miscellaneous
feature

0.0257 0.768 0.0078 [0.015–0.011] 524

π: Mean nucleotide diversity; Mean ρ/bp: Mean recombination rate per base
pair and HPDI (highest posterior density interval) between brackets. CDS:
Coding region. In order to avoid bias, outliers were assessed and removed. Only
one outlier value was detected in CDS, one in miscellaneous features and one in
the gene category, (p-value < 10 E-5, Smirnov Grubbs test).

Fig. 2. Mean recombination rate per bp (ρ/bp) among protein-coding genes. Error bars indicate 95% HPDI (highest posterior density interval), Gray stripe denotes
the 95% HPDI for genome's mean ρ/bp value.
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Fig. 3. Assessment of recombination-inducing DNA motifs on EBV genome. (A) Change in ρ/bp downstream of AGGAG motif in EBNA3C gene. Nucleotide positions
are relative to NC_007605 reference genome. (B) Recombination rate change counts for the analyzed DNA motifs. Between parenthesis: number of detected hits
across the EBV genome. Change in ρ/bp downstream of each DNA motif in reverse (C) and forward (D) transcribed genes. Circle size depicts the mean value of signal
change around the DNA motif. Only statistically significant events are shown (p-value < 0.05, bootstrap two tailed test).
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recombination as a genome widespread evolutionary event; Lee et al.
demonstrated that breakpoints in HSV-1 are biased towards repetitive
sequences, higher GC content areas and intergenic regions (Lee et al.,
2015; Szpara et al., 2014). Recombination among clades was reported
in VZV (Norberg et al., 2015), but a detailed analysis of genomic re-
gions prone to recombination is still pending. In a similar fashion Palser
et al. and Chiara et al. characterized the pattern of recombination in
EBV by means of phylogenetic analysis, either by split decomposition or
network analysis (Palser et al., 2015; Chiara et al., 2016). One first
approach to calculate recombination rates in herpesviruses was per-
formed by Bowden et al. on small segments of HSV-1 genome (Bowden
et al., 2004); however, to date no study has quantified global and local
recombination rates in the entire viral genome. Here we computed re-
combination rates along the entire EBV genome and performed a gene
by gene comparison taking advantage of the increasing number of
complete genomes generated by NGS.

As expected, only segregating sites provided a reliable signal to
quantify recombination rates. In contrast to what would be expected by
chance, the signal was not homogeneously distributed along the EBV
genome, but appear as highly concentrated in certain genomic regions,
in particular those with sequence repeats. This observation is consistent
with the notion that repeated regions provide unstable genomic areas
that are prone to undergo homologous recombination. On the other
hand, regulatory regions such as “TATA boxes” or polyA sequences,
which are vital for gene expression and mRNA translation, displayed
low recombination rates, a fact that highlights the importance of these
sequence conservation. Brown suggested that GC content and repeat
regions might play a relevant role in recombination processes in her-
pesviruses (Brown, 2014); however GC content did not correlate with
higher recombination rate values in the present study. Our result is
consistent with that presented by Castelhano et al. who also failed to
detect a relation between GC content and recombination in HBV, an-
other DNA virus (Castelhano et al., 2017). Taken together our findings
suggest that, besides GC rich sequences being proposed to increase re-
combination probability, features such as repeated regions are greater
contributors to recombination events in EBV. It should be pointed out
that about 20 repeated regions within the EBV genome, in a non-ne-
glectable subset of 71 sequences used in our study were originally de-
leted by the submitting authors (Palser et al., 2015), given the major
challenge that repetitive sequences suppose for the de novo assembly
algorithms (Ba Abdullah et al., 2017). These repetitive sequences could
have further contributed to changes in recombination rate signal and
hence, increase the power of our observations; however, the lack these
repetitive regions does not invalidate our findings. This could explain
the absence of variation in recombination rate in long repetitive regions
such as the internal repeat 1 region (BamW repeats). However, given
that long repetitive regions are inherently difficult to assemble, our
findings regarding these problematic features operate under the as-
sumption that available genbank records were correctly assembled;
supposing a possible limitation to our retrospective approach.

Another way to evidence the heterogeneous nature of the re-
combination process could be that only 4 genes presented a re-
combination rate signal above that of genome average, while the re-
maining 61 displayed either a similar or below-average recombination
rate. Interestingly, two of the genes with recombination rate above
average, EBNA3C and EBNA3B, both contain tandem repeats. Notably,
these two genes were also shown to be prone to recombination by
Palser et al. (Palser et al., 2015).

The other two genes with recombination rate above genome
average, BRRF2 and BBLF2-BBLF3, contained recombination inducing
DNA motifs precisely upstream of the recombination rate fold-change
increase. These motifs were previously described by Brown in all her-
pesvirus but statistically overrepresented, as solely expected by chance,
in gammaherpesviruses such as EBV (Brown, 2014). Combined, our
results suggest that both tandem repeats and recombination-inducer
DNA motifs could induce recombination events in EBV. Out of the six

motifs described by Brown, only five were related to recombination
induction in our study. Of notice, those two (CCCAG and TGGAG) to
induce the greater amount of recombination signals were well char-
acterized recombination initiator motifs in eukaryotic cells (Bengesser
et al., 2010). The most frequent recombination-inducer DNA motif
throughout the genome, CCCAG, induced the highest amount of overall
changes in recombination rate and also elicited recombination rate
changes in a broader amount of genes. Even though TGGAG was not the
most frequent motif in the entire EBV genome, it still provided the
greatest ratio of changes in recombination rate signal (recombination
inducing events/hits along the genome). On the contrary, the meiotic
recombination inducer CCTCCCT motif, although present, did not
precede any changes in recombination rate. Given that this is a meiotic
recombination inducer (Myers et al., 2005), it may be plausible to hy-
pothesize that the motif was incorporated into the viral genome from
the host cell DNA at some point during EBV and human co-evolution;
but during viral replication in B lymphocytes, specific meiotic factors
involved in DNA binding may be lacking. This idea could be further
supported by the fact that the virus's principle recombinase, coded by
the BALF2 gene, is regulated at the transcriptional level by Sp1, CREB
and AP-1, the same cellular factors that regulate RAG-1, a cellular re-
combinase, and other viral genes. Both EBV replication and V(D)J re-
combination occur synchronously, during the G0/G1 phase in the nu-
cleus of EBV infected lymphocytes when these undergo proliferation
and differentiation (Dreyfus, 2009). These results highlight that it is not
only important to characterize the presence of these DNA motifs in viral
genomes, but also to assess their relation with a recombination-related
estimator.

Our results provide the first EBV recombination map based on the
assessments of recombination rates, both at a global and gene by gene
level and support the theory proposed by Renner et al. (Renner and
Szpara, 2018) that the diversity and evolution of herpesviruses are
impacted by mechanisms, such as recombination, which extend beyond
the usual consideration of point mutations introduced by viral poly-
merases. Increasing the knowledge on recombination as a driving force
in EBV evolution may aid future analyses of genomic variations and
their relation to geographical distribution, linkage to diseases and their
outcomes as well as impact on clinical practice and vaccine develop-
ment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2018.07.022.
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