10

11

12

13

14

15

16

17

18

19

20

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442107; this version posted April 30, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Phylogeography of infectious disease: genetic diversity and connectivity of the Ostreid

herpesvirus 1 population in France

Jean Delmotte’, Camille Pelletier?, Benjamin Morga?, Richard Galinier®, Bruno Petton®, Jean-
Baptiste Lamy? Oliver Kaltz®, Jean-Christophe Avarre’, Caroline Montagnani'*, Jean-

Michel Escoubas'*

YIHPE, Univ. Montpellier, CNRS, Ifremer, UPVD, F-34095 Montpellier, France

?|fremer, RBE-SG2M-LGPMM, Station La Tremblade, F-17390 La Tremblade, France
3IHPE, Univ. Montpellier, CNRS, Ifremer, UPVD, F-66000 Perpignan, France

*Ifremer, LEMAR UMR 6539 (Université de Bretagne Occidentale, CNRS, IRD, Ifremer), F-
29840 Argenton-en-Landunvez, France

°ISEM, IRD, CNRS, EPHE, Univ. Montpellier, F-34095 Montpellier, France

Running Head: Phylogeography of Ostreid herpesvirus 1

*Corresponding authors: Caroline.Montagnani@ifremer.fr;

Jean.Michel.Escoubas@ifremer.fr



mailto:Caroline.Montagnani@ifremer.fr
mailto:Jean.Michel.Escoubas@ifremer.fr
https://doi.org/10.1101/2021.04.30.442107

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442107; this version posted April 30, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract

The genetic diversity of viral populations is a key to understanding ther
phylogeographic and dissemination history of viruses, but studying the diversity of whole
genomes from natural populations remains a challenge. Molecular ecology approaches are
commonly used for RNA viruses harboring small genomes, but have only rarely been applied
to DNA viruses with large genomes. Here, we used the Pacific oyster mortality syndrome
(POMS, a disease that affects oyster farms around the world) as a model to study the genetic
diversity of its causative agent, the Ostreid herpesvirus 1 (OsHV-1) in the three main French
oyster-farming areas. Using ultra-deep sequencing on individual moribund oysters and new
bioinformatics methodology, we de novo assembled 21 OsHV-1 genomes. Combining whole-
genome comparisons with phylogenetic analysis and quantification of major and minor
variants, we assessed the connectivity of OsHV-1 viral populations between the three oyster-
farming areas. Our results suggest that the Marennes-Oléron Bay represents the main source
of OsHV-1 diversity, from where the virus has dispersed to other farming areas, a scenario
consistent with current practices of oyster transfers in France. Here, we demonstrate that
molecular ecology approaches can be applied to large-genome viruses to determine the extent
of their genetic diversity and better understand the spread of viral populations in natural

environments.

Importance

Phylogeography is a field of research that attempts to reconstruct the relationships between
individual genotypes within a species and then correlate these genealogical relationships with
their geographic origin. This field of research has become an essential step in the
understanding of pandemics, in particular to determine the origin, spread and evolution of a

pathogen as currently illustrated in studies on viral pandemics. However, because
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phylogeographic analyses are based on genome variation, stable genomes yield less
information than labile genomes. Accordingly, viruses with double-stranded DNA (dsDNA)
genomes generally have lower nucleotide diversity than RNA viruses. In this study, by
combining the use of both major and minor variants with phylogeographic analyses of the
oyster herpesvirus OsHV-1, we highlight genealogical relationships that have not been
depicted in phylogenetic trees based on consensus viral genomes only. These data offer a
plausible scenario reflecting the origin and spread of OsHV-1 populations between oyster-

farming sites.

Keywords Herpesvirus; OsHV-1; cupped oyster; phylogeography; non-redundant genomes; genetic

diversity; viral spread; minor variant

Introduction

Viruses are disease agents that have high levels of genetic diversity. This high
diversity often means that they lack shared genetic markers, such as ribosomal DNA
sequences that are common to all prokaryotes and eukaryotes (1), making it difficult to
characterize viruses genetically. Furthermore, many viruses — especially those with RNA
genomes — are not stable genetic entities, but exist as clouds of many phylogenetically
related genetic variants, known as viral quasispecies. This genetic organization currently
encumbers our understanding of viral diseases and their evolution and impedes the
straightforward characterization of virus population structure (2, 3). Studies have shown that
the level of genetic diversity within these viral populations likely influences viral
pathogenicity, dissemination and host immune evasion, and full-length genome analyses are
required to identify intra-host viral population structure, reveal molecular traits with

epidemiological significance, or detect low-frequency, but nonetheless relevant viral variants.
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These difficulties apply to RNA viruses, but also certain large DNA viruses, such as
herpesviruses, whose genomic variability rivals that of many RNA viruses (4-6). For
example, human cytomegalovirus shows considerable inter-host and intra-host genetic
divergence across tissue compartments and times of infection (7, 8). In addition, the evolution
of a disease is sometimes not fully explained by intrinsic host factors, but by the genotypic
diversity of herpesviruses (9).

Aquaculture is one of the fastest growing food-producing sectors, representing an
important animal protein supply for human consumption, with an expanding role in global
food security. Today, the biggest threat arising due to the intensification and globalization of
aquaculture is infectious diseases. The management and mitigation of the emergence and
spread of these infectious diseases are key issues to address to ensure the sustainability of this
industry (10-12). One illustration is the Pacific oyster mortality syndrome (POMS), which
threatens global Crassostrea gigas oyster production, a main sector in aquaculture worldwide
(reviewed in (13)). Since 2008, this syndrome has caused mass mortality in cultivated oysters
around the world, from Europe to America and Asia (14-22). In 2010, the causative agent of
these massive mortalities was identified: it is an emerging genotype of a herpes-like virus
named Ostreid herpesvirus 1 (OsHV-1) (23-27). Two major genetic factors seem to affect the
severity of POMS: the genetic background of the oysters (28-30) and OsHV-1 genetic
diversity (31, 32). Since the characterization of the emergent genotype OsHV-1 uVar,
associated with the 2008 high mortality events (27), several variants of the pVar genotype
have been described (reviewed in (16)). Interestingly, in 2016, a survey of OsHV-1 genetic
diversity carried out on wild C. gigas populations along the coasts of Italy demonstrated the
high diversity of this virus in natural oyster populations (33). However, most studies on
OsHV-1 genetic diversity have been based on PCR molecular markers focusing on a few

variable regions of the viral genome, which may not reflect the whole genomic diversity. For
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95 instance, in 2017, sequencing of the whole genome of OsHV-1 pVar and its comparison with
96 the reference genome published in 2005 (34) showed that the two genomes also differed by
97 the loss or addition of several open reading frames (ORFs), indicating that whole-genome
98  sequencing is necessary to fully reveal viral diversity and to better understand the virus’
99  origin and evolution (35). To date, no study has specifically looked at the links between the
100  geographic distribution of OsHV-1 and its genetic diversity at the level of the whole genome.
101 To date, the entire genomes of only four OsHV-1 infecting C. gigas oysters are available,
102  namely the reference genome (AY509253), two OsHV-1 pVar (uVar A KY242785.1 and
103  pVar B KY271630.1) and more recently OsHV-1-PT (MG561751.2) (14, 34, 35). These four
104  assemblages show significant genomic diversity; however, they tell us very little about the
105  geographic distribution and dissemination of the virus.
106 As shown with the HIN1 influenza virus (36), the dengue virus (37), the Zika virus
107  (38), the AIDS virus (39) and more recently SARS-CoV-2 (40), molecular epidemiology
108 based on full genomes can be the key to understanding the epidemics of emerging viruses.
109 Therefore, the purpose of the present study was to characterize the genomic diversity of
110  OsHV-1 pVar in natural viral populations both within and between host individuals, to better
111  understand the dissemination and evolution of OsHV-1 pVar populations. Using a deep-
112 sequencing approach conducted at the individual level and novel bioinformatics analyses, we
113  identified 21 new complete genome sequences of OsHV-1 pVar from the three most
114  important oyster-farming areas in France. Phylogenetic analyses combined with comparative
115 genomics and inspection of variant frequencies showed that viral genetic diversity differs
116  greatly not only between areas, but also between individuals within areas. This
117  phylogeographic approach led us to propose a scenario explaining the phylogenetic
118 relationships between viral populations encountered in the three farming areas. This analysis

119  strategy, combined with epidemiological information, holds promise for understanding
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120  OsHV-1 evolution, for revealing how the genetic relationships shape epidemic dynamics and
121  for identifying transmission patterns between oyster-producing regions. These data are

122 ultimately useful for developing novel disease management strategies.

123 Results

124 1) Variability in sequencing depth does not impair the analysis of OsHV-1
125 diversity.

126 We used specific-pathogen-free (SPF) C. gigas juveniles to sample OsHV-1 diversity

127  during natural infections in the three farming areas. The cumulative moralities for the three
128  batches of oysters were 85%, 81% and 70% for Thau (Th), Marennes-Oléron (Mo) and Brest
129  (Br), respectively (Fig. 1A). No mortality was observed in the control group.

130 For each individual oyster, deep sequencing produced from 86.2 to 145.9 M reads per
131  sample (average 109.7 M reads +16.7 SD, Fig.1B. and Table S1). To evaluate OsHV-1
132 sequencing depth in each sample, sequencing reads were mapped on the OsHV-1 puVar A
133  genome (KY242785.1) (35). The number of reads mapping to the OsHV-1 uVar A genome
134  greatly varied from one individual to the other, independently of the number of reads
135  obtained for each sample: from 0.65 M reads (0.66%) for Mo ind3 to 11.94 M reads (13.21%)
136  for Th ind10 (Fig.1B, Table S1). Therefore, OsHV-1 genome coverage varied from 480X to
137  8745X for Mo ind3 and Th ind10, respectively.

138 A rarefaction analysis was run to verify that OsHV-1 coverage was sufficient to
139  accurately quantify viral genomic diversity in each sample. For single nucleotide
140  polymorphisms (SNPs) and for insertions-deletions (InDels), rarefaction curves reached a
141  plateau around 300,000 reads, corresponding to an OsHV-1 coverage of 220 X (Fig. 1C).
142  Since the number of mapped reads of each sample was clearly above this threshold,

143  sequencing depth was considered sufficient to capture OsHV-1 genomic diversity.
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Rarefaction curves indicate that viral diversity was higher in infected Mo oysters than in the
other two areas. Comparison of the average number of individual polymorphisms per
environment showed that i) the number of SNPs in viruses from Mo (170 = 27.7) was
significantly higher than that of viruses from Br (136.4 + 5.9; P <0.001) and Th (143.8 £ 5.8;

P < 0.05) and ii) the number of InDels in viruses from Mo (35.9 3.1 SD) was also

significantly higher than that of viruses from Th (25.7 £ 0.9; P <0.0001) (Fig. 1D, Table S2).
In addition, in Mo, viral diversity greatly varied from one individual to the other; for example
Mo ind3 contained 222 SNPs and 42 InDels, whereas Mo ind4 contained only 144 SNPs and
33 InDels.
A) B) I Brindo 1.10%
B brinds 1.09%
_ Brind4 1.73%
Brest N Brind2 135%
70 % mortality I erindio 3.10%
July B Moindo [EG— 5.91%
I Moinds [N 273%
BN Moind7 I 277%
I Moind4 [EEE— 526%
B Moind3 0.66%
B vioind10 2.02%
N Moind s29%
N Thindo [N 405%
N Thinds sos%
Marennes-Oléron I Thind I o
81 % mortality BN Thinde [ a0
June B Thinds [N 221%
N Thind4 [N 285%
I Thind3 278%
Tokm I Thind1o I o
Thau lagoon B Thindt 3.10%
85 % mortality 150 100 50 0 0 25 5 75 10 125
May Total reads per library (million) Reads mapping to OsHY-1 pVar A
C D {million)
) B Mo ind3 _—Moindio )“ 250 _m
200 ':: .-'_-”s;-";'a""“’-.-'.-v'.-.-\,_._-J‘“"‘“—'-"ﬁ'.-“ % -
B 200
8 : 3 _
5 . Sy T o
£ i 10 .
8. 40 e Br Mo Th
“E_ ..:1_1.. ;.u_.._ —'—: = ] — I § 45 i3 ns""
a = == e —————T TR - Lt b e = L
8 0 —mEmMm e e PYEE : E »
f — I
10 : 2 3 N
0 ' 1 2 3 20

Number of reads (million)


https://doi.org/10.1101/2021.04.30.442107

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442107; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

154  Fig. 1: Variability in sequencing depth does not impair the analysis of OsHV-1 diversity.
155  (A) Sampling locations of the Ostreid herpesvirus-1 (OsHV-1) infected oysters during the
156  Pacific oyster mortality syndrome (POMS) event in 2018. Each color represents a farming
157 area, with Brest (Br) in blue (5 individual samples), Marennes-Oléron (Mo) in red (7
158 individual samples) and Thau Lagoon (Th) in green (9 individual samples). Below each
159  farming area, the percentage of mortality within the site is given. (B) Quantification of the
160  number of reads in the library and the number of reads mapping to the OsHV-1 pVar A
161  genome. Numbers on the right side of the figure indicate the percentages of reads mapping to
162  the OsHV-1 pVar A genome. (C) Rarefaction curves using the OsHV-1 pyVar A genome as
163  the reference sequence. The top panel shows the number of single nucleotide polymorphisms
164  (SNPs) and the bottom panel, the number of insertion-deletions (InDels). The dashed vertical
165 line indicates 0.3 M reads, corresponding to the threshold at which the rarefaction curves
166  reach a plateau. (D) Comparison of the number of SNPs (top) and InDels (bottom) between
167  the three farming areas. Asterisks indicate the P value according to Kruskal-Wallis and

168  Dunn's multiple comparison tests (ns: non-significant, *P < 0.05, **P < 0.01 **%x P <

169  0.0001).

170 2) Phylogenetic analysis of non-redundant OsHV-1 genomes reveals that all three
171 OsHV-1 populations belong to the pVar genotype.

172 We assembled non-redundant genomes so as to reduce the complexity of the OsHV-1

173  genome and keep only one copy of each repeated region in the virus sequence. The OsHV-1
174  pVar A genome contains two unique regions and three repeats: the unique long region (UL,
175 164,268 bp), flanked by two inverted repeats (repeat long [RL], 7338 bp), and the unique
176  short region (US, 3370 bp), flanked by two inverted repeats (repeat short [RS], 9777 bp), and

177  two X regions (1510 bp) (Fig 2A, upper panel). Considering the high sequence identity
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178  within each set of repeats (between 99.9 and 100%), removing one of the repeats makes it
179  possible to reliably map the reads from these repeated regions without affecting the overall
180  genome composition. Removing copy of each repeated region led to a non-redundant OsHV-
181 1 pVar A genome (NR-genome) of 186,262 bp, which represents 91% of the full-length
182  genome and contains all the coding sequences (Fig 2A, lower panel). Using this approach, 21
183  NR-genomes were assembled from the sequencing data generated during this study, as well
184 as 7 other published genomes belonging to the Malacoherpesviridae family: six Ostreid
185  herpesvirus 1 (genus Ostreavirus) and one Haliotid herpesvirus 1 (abalone herpesvirus
186  (AbHV-1), genus Aurivirus).

187 A phylogenetic analysis of these 28 NR-genomes revealed three main polyphyletic
188  clusters (Fig. 2B). AbHV-1, the sole herpesvirus isolated from a gastropod, was identified as
189  an outgroup, whereas the two herpesviruses isolated from bivalves other than oysters (OsHV-
190 1-SBisolated from the clam Scapharca broughtonii and OsHV-1 ZK0118 isolated from the
191  scallop Azumapecten farreri) formed two separate branches. Among the viruses isolated from
192 C. gigas, the 21 new OsHV-1 isolates were phylogenetically closer to OsHV-1 pVar A and B
193  isolates (Fig. 2B cluster 3) than to the OsHV-1 reference genome (AY509253.2), suggesting
194  that they belong to the pVar genotype. Th and Br isolates grouped into two distinct clusters
195  reflecting their geographic origin (Fig. 2B, cluster 1 and 2). Conversely, Mo OsHV-1 isolates
196  were distributed in these two clusters: five in cluster 1 and two in cluster 2. The phylogenetic
197  distance within the Th or Br isolates (average 5.33 10 + 1.99 10° SD and 2.16 10° + 1.43
198 10 SD, respectively) was lower than that observed within the Mo isolates (average 6.16 10
199  +5.29 10, indicating greater viral diversity in Mo than in the other two farming areas.

200
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202  Fig. 2: Phylogenetic relationship between the 21 de novo assembled non-redundant
203 genomes and other Malacoherpesviridae viruses. (A) Full-length (upper panel) and non-
204  redundant (NR) (lower panel) genomes of OsHV-1 pVar A (KY242785). The OsHV-1 puVar
205 A genome consists of two unique regions, referred to as unique long (UL; in red) and unique
206  short (US, in blue), and three repeat regions, referred to as repeat long (RL, in yellow), repeat
207  short (RS, in purple) and X region (X, in orange). The first two repeat regions each have
208  copies at a terminal locus (TRL, TRS) and an internal locus (IRL, IRS) within the genome.
209 The NR-genome consists of the linear fragment starting at the beginning of the UL and
210 ending at the end of US region. This strategy includes all the genetic information without
211  duplication. All the regions within the genome and the NR genome are to scale. (B)
212  Maximume-likelihood phylogenetic tree of the 28 OsHV-1 NR-genomes. Bootstrap values
213  were obtained from 1000 replicates. Numbers at branch nodes indicate branch confidence
214  (percentage of bootstrap replicates for that branch). The tree is drawn to scale, with branch
215 lengths in the same units as those of the evolutionary distances used to infer the phylogenetic
216  tree, except for the outgroup, AbHV-1. The 21 isolates from this study are colored according

217  to their geographic origin, Brest (Br) in blue, Marennes-Oléron (Mo) in red, and Thau

10
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218 Lagoon (Th) in green. Three clusters were defined based on the clustering of genetic

219  distances (numbered on the right from 1 to 3).

220 3) Comparative genomics of the 21 non-redundant genomes confirms that OsHV-1
221 diversity is higher in Marennes-Oléron than in the other two farming areas.
222 To compare the genetic diversity at the whole genome scale between the 21 samples, we

223  used the 21 NR-genomes to construct a consensus non-redundant genome (C-NR-genome).
224  Comparison of the 21 NR-genomes to the C-NR-genome identified a total of 399 variable
225  positions (SNPs and InDels), hereafter called variants. The average number of variants per
226 genome was significantly higher in samples from Br (159.8 + 4.9) than from Th (125 £ 5.6; P
227 < 0.01), whereas the average number of variants in Mo (139.4 £ 20.8) was not significantly
228  different from the other two farming areas (Fig. 3A, Table S3).

229 However, viruses from Mo showed the highest diversity, with 321 variants accounting for
230 80.5% of the total diversity. Among the variants, 151 (47%) were specific to Mo, and 87
231  were observed in one sample only (singletons) (Fig. 3B, Table S3). None of these 151
232  variants were shared by all the samples from this area. The majority of Mo singleton variants
233 were observed in two samples: ind10 (49) and ind4 (13) (Fig. 3C). For the Th and Br farming
234  areas, 134 and 168 variants were identified, among which 51 and 24 were area-specific,
235  respectively (Fig. 3B, Table S3). In contrast to Mo, 70.8% (17/24) and 94.1% (48/51) of the
236  variants were common to all the samples of Br and Th, respectively (Fig. 3B, Table S3).

237 The three variants common to Br and Th were present in almost all individuals of the two
238  farming areas (Fig. 3C, green arrows). Namely, among the 90 variants shared by Br and Mo,
239 78 (86.7%) were shared by two Mo individuals (ind10 and ind4) and all Br individuals (Fig.
240  3C, purple arrow). These two Mo individuals also shared six variants with all Th individuals

241  (Fig. 3C, red arrows).

11
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244  Fig. 3: Comparative genomics of the 21 non-redundant genomes of OsHV-1 isolated
245  from three oyster farming areas. (A) Distribution of the 399 variable positions (hereafter
246  named variants) between the 21 individuals and the three farming areas. Significance was
247  calculated according to Kruskal-Wallis and Dunn's multiple comparison tests (ns: non-
248  significant, *x P < 0.01). B) Venn diagram summarizing the distribution of variants between
249 the three farming areas. Color depends on the farming area with Brest (Br) in blue,
250  Marennes-Oléron (Mo) in red and Thau Lagoon (Th) in green. The numbers of variants per
251 farming area are indicated in parentheses. Singletons are variants that occur in only one
252  sample, and the term “common” indicates variants present in all the sampled individuals at a

253  given location. (C) UpSet plot of variant distribution among the 21 non-redundant (NR-)

12
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254  genomes. The bottom panel shows the specific combinations (or intersections), and the
255  vertical bars indicate the number of variants within these combinations. Colored arrows on
256  top indicate variants shared by almost all individuals from Br and Th (green arrows) and
257  variants shared by two individuals from Mo (ind4 and ind10) and all individuals from Br
258  (purple arrows) or all individuals from Th (red arrows). Numbers (N) on the right side

259  indicate the number of variants per sample.

260 4) Diversity of minor OsHV-1 variants is higher in Marennes-Oléron than in the
261 other two farming areas.
262 To fully characterize OsHV-1 genetic diversity, we performed variant calling analyses,

263  using the C-NR-genome as the reference, to quantify both major (frequency >50%) and
264  minor (frequency <50%) variants in the 21 individual samples. Among the 399 variants
265 identified as major variants, 117 had variable frequencies (above or below 50%) across
266  samples; moreover, 129 additional minor variants were identified (Fig. 4A).

267 Frequencies of the 129 strictly minor variants ranged from 5.1% to 45.9% (mean =
268  8.75% + 5.75% SD). The number of minor variants was lower in oysters from Br (39) than in
269  oysters from Th (71) or Mo (75) (Fig. 4B, Table S4). Twenty-five of these 129 minority
270  variants (19.3%) were found in all three farming areas. Moreover, the majority of site-
271  specific variations were found in only one individual oyster (singletons).

272 A hierarchical clustering analysis applied to the minor variants showed that individuals
273  did not cluster according to their geographic origin, except for individuals 4, 6 and 10 from
274  Th (Fig. 4C). In some cases, we even observed two or three individuals from different
275  farming areas clustering together (cluster 1, 2 and 3 in Fig. 4C), suggesting that some OsHV-
276 1 found in these individuals had a common origin. Figure 4C also revealed that most of the

277 25 variants shared by three farming areas were found in all sampled individuals, suggesting
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278  that they had not arisen within individual oysters, but had been transmitted horizontally to

279  other oysters.

280
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282  Fig. 4: Variant calling analysis and minor variant distribution in the three farming

283  areas. (A) Quantification of both major and minor variants using a variant calling analysis
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284  (B) Venn diagram summarizing the distribution of the 129 minor variants (frequency <50%)
285  between the three farming areas (Brest (Br) in blue, Marennes-Oléron (Mo) in red, and Thau
286  Lagoon (Th) in green). The number of minor variants within each farming area is indicated in
287  parentheses. Singletons correspond to variants that occur in only one oyster sample, whereas
288 the term “common” corresponds to variants present in all the oyster samples within the
289  dataset. (C) Heatmap of the allelic frequency of minor variants across the 21 samples with a
290 gradient from 0 (blue) to 0.5 (red). Hierarchical clustering using the Euclidean distance of the
291 allele frequency is displayed on top. Each line of the heatmap corresponds to a minority
292  variant. Variant sets on the right are derived from the Venn diagram. Samples are indicated

293  on the bottom, and colored according to their geographic origin.

294 5) Some minor OsHV-1 variants from the Marennes-Oléron farming area are
295 major variants in the other two farming areas.
296 The 116 variants that had variable frequencies across samples (Fig. 4A) were present

297  as minor variants in only four samples: three from Mo (ind3, ind4, and ind10) and one from
298  Br (ind2) (Fig. 5A). Among them, samples Mo ind3 and Mo ind10 contained 114 of these
299  minor variants. Sample Mo ind10 contained 29 minor variants (with a frequency ranging
300 from 5 to 10%; Fig. 5B) that were major variants in samples Mo ind1/3/7/8/9. For instance,
301 the variant at position 65,016 (T>A) of the C-NR-genome had a frequency of 7% in Mo
302 ind10, whereas its frequency varied from 76% to 99% in Mo ind1/3/7/8/9 (Fig. 5C). Similar
303 fluctuations in variant frequency were observed for the other 28 variants (Table S5). These 29
304 variants highlighted a clear genetic link between the Mo ind10 sample and the five Mo
305 samples (ind1/3/7/8/9) located in the other phylogenetic clade (Fig. 5D).

306 Furthermore, Mo ind3 contained 85 minor variants that corresponded to major variants

307 in Mo ind10, 38 that corresponded to major variants in Mo ind4 and all Br samples, and 4
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308 that corresponded to major variants in all Th samples (Fig. 5 A and E). For instance, the
309 variant at position 57,091 (T>C) in the C-NR-genome had a frequency of 24% in Mo ind3,
310 whereas its frequency was 93% in Mo ind10 and 99% in all Th samples (Fig. 5F, Table S5).
311  Another example is the variant at position 65,624 (C>T) in the C-NR-genome: its frequency
312 grew from 25% in Mo ind3 to 93% in Mo ind10, and 99% in Mo ind4 and all Br samples
313  (Fig. 5F, Table S5). Again, minor variants highlighted genetic links between samples from
314  different farming areas and from phylogenetic clusters 1 and 2 (Fig. 5G, Table S5).

315 Altogether, the analysis of minor variants highlighted links not only between Mo
316  samples and samples from the other two farming areas, but also between Mo samples, which
317  segregated into two different clusters according to whole-genome phylogenetic analyses.
318 These results strongly suggest that all the OsHV-1 variants characterized in this study

319  originated from the Mo farming area.
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Fig. 5: Some minor OsHV-1 variants found in the Marennes-Oléron farming area are
major variants in the other two farming areas. (A) Matrix of the 116 variants which were
major or minor, according to the sample. Rows display the four samples in which the 116

variants were minor, and columns show all 21 samples. Intersections give the number of
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325  shared variants with minor (row) and major (column) frequency. For self-comparisons, no
326  number is given. (B) Dot plot of the 29 minor variants of Mo ind10 which were major
327 variants in Mo ind1/3/7/8/9. Positions on the C-NR-genome and the type of SNPs are
328 indicated on the x-axis. Variant frequency (in %) is indicated in ordinate. Black arrow
329 indicates the variant that is detailed in (C). (C) Pie charts of the frequency of the minority
330 variant found at position 65,016 of the NR-genome in Mo ind1/3/7/8/9/10. (D) Phylogenetic
331 tree of the 21 de novo assembled NR-genomes. The black line shows the link established
332  between Mo ind10 and Mo ind3/4/7/8/9 from variant frequency at position 65,016. (E) Dot
333  plot of the 85 minor variants of Mo ind3 that were major variants in Mo ind4/10 and in all
334  samples from Br and Th. Green and turquoise arrows indicate the two variants (57,091_T>C
335 and 65,264 C>T respectively) that are detailed in (F). (F) The minor variant found in Mo
336  ind3 at position 57,091 of the C-NR-genome corresponds to major variants in Mo ind10 and
337 all Th samples (upper panel). The minor variant found in Mo ind3 at position 65,624 of the
338  NR-genome corresponds to major variants in Mo ind4/10 and all Br samples (lower panel).
339 (G) Phylogenetic tree of the 21 de novo assembled NR-genomes. The turquoise lines show
340 the link established between Mo ind3 and Mo ind10 and all Th samples based on the study of
341  variant frequency at position 57,091. The purple lines show the link established between Mo
342 ind3 and Mo ind4/10 and all Br samples based on the study of variant frequency at position

343  65,624.

344  Discussion

345 The accurate description of viral genetic diversity (major and minor variants) depends
346  on several parameters, such as the quantity and quality of viral genetic material, sequencing
347 quality and depth, as well as the bioinformatics tools used for data analyses (41). In the

348  present study, we characterized OsHV-1 genetic diversity in three oyster-farming areas
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349  during POMS outbreaks. To do so, oysters from the same cohort were exposed to POMS
350 outbreaks in the field and OsHV-1 genetic diversity was investigated in individual moribund
351  oysters. To optimize the characterization of OsHV-1 variants, we selected moribund oysters
352  with high viral loads. Then, DNA extracted from these oysters was used to prepare
353  sequencing libraries using a PCR-free kit to remove genomic coverage biases associated with
354  PCR amplification. Using this approach, we obtained an average OsHV-1 genome coverage
355 of =3000X. However, because OsHV-1 coverage varied among samples (ranging from 480X
356  to 8745X), it was necessary to find a way to verify that coverage was sufficient to accurately
357 quantify viral genomic diversity in each sample. Using a rarefaction analysis, we determined
358 the threshold at which sequencing depth was sufficient to capture all of the genetic diversity
359  present in the studied samples. Although this analysis is commonly used in ecology to assess
360 the species richness in a community (42), it is, to our knowledge, rarely applied to study viral
361  genetic diversity. This information can be crucial when studying viral diseases in which the
362  high diversity of the virus may potentially increase the fitness of the viral population, making
363 it hard to eradicate (43, 44).

364 Having a great sequencing depth was an advantage for OsHV-1 genome assembly;
365 however, the task was complicated by the presence of large repeated sequences,
366  corresponding to 9.1% of the genome of OsHV-1 uVar A. To solve this problem, we used the
367  approach proposed by Morse et al. (45): contigs generated by de novo assembly were ordered
368 using a reference-based approach to ultimately assemble non-redundant genomes in which
369 only one copy of each repeated element was kept. These non-redundant genomes constituted
370 the keystone of our bioinformatics analyses. Because each of them contained the entire
371  genomic sequence of the virus, we were able to carry out an exhaustive search for intra-

372  individual (sample) genetic variants and characterize the viral population structure. These
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373 genomes were also aligned with each other to perform whole-genome phylogeny and
374  genome-wide comparative genomics.

375 Our results revealed that viral populations of OsHV-1 are a heterogeneous set of
376 genomes rather than a single dominating genome, as revealed for another aquatic
377  herpesviruses, e.g. the Cyprinid herpesvirus 3 (4). They also suggest that all OsHV-1
378  characterized during this study share a common ancestor with OsHV-1 uVar characterized by
379 Burioli et al. in Normandy (France), reinforcing the idea that genotypes closely related to
380 pVar have replaced the reference genotype and are predominant in oyster-farming areas
381 along the French coasts (35, 46). Our findings also showed that OsHV-1 pVar populations
382 are much more diverse than previously thought. Phylogenetic analyses corroborated results
383  from Delmotte et al. showing that OsHV-1 pVar from the Bay of Brest and Thau Lagoon
384  constitute two distinct viral populations (31). Clearly, it is now necessary to change the
385 common practice of relying on the generation of consensus genomes to study the
386  epidemiology of DNA viruses, because they do not accurately depict the actual genetic
387  diversity (5). For this reason, we developed this novel approach, applicable to any other DNA
388  virus model.

389 Our approach demonstrated that OsHV-1 diversity in Marennes-Oléron Bay was
390 higher than in the Bay of Brest and Thau Lagoon. This variability may be related to the fact
391 that the Marennes-Oléron Bay has become one of the largest French oyster-farming areas,
392  with chronic overstocking (47). Moreover, a network analysis of oyster movements revealed
393 that oysters are moved up to 9 times during their production cycle, with peaks of transfers in
394  spring and autumn. These aquacultural practices likely contribute to the spread of OsHV-1
395 infection, and in turn increase its genetic diversity (48).

396 Our approach also made it possible to identify major and minor variants, and variants

397  with frequencies varying dramatically among sampled oyster individuals. Thus, ultra-deep
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398  sequencing can support the reconstruction of the true structure of a viral population, and can
399 even highlight potential genetic links between individuals from the same farming area or
400  Dbetween individuals from the three farming areas (Fig. 5 D and G, respectively). These
401  genetic links, combined with whole-genome phylogeny, can be used to infer the dynamics of
402  dispersal of OsHV-1 populations across the three farming areas (Fig. 6). Samples from
403  Marennes-Oléron have the most heterogeneous viral populations with the fastest evolution
404  rate. Moreover, major variants characterized in the other two farming areas were also present
405 in Marennes-Oléron, as minor variants. This suggests that Marennes-Oléron farming area is
406  the main source of OsHV-1 viral diversity, from where variants are dispersed to the other
407  farming areas. This hypothesis is in agreement with what is known about oyster transfers.
408 Indeed, Marennes-Oléron is the main area of C. gigas spat collection, and juvenile oysters are
409 then transferred to growing sites along the coasts of Brittany, Normandy and also along the
410  Mediterranean (47). Importantly, the three studied sites are separated by long distances (>500
411  km) and therefore are not directly connected through ocean currents. OsHV-1 thus likely
412  disseminates via “travel during transportation of infected oysters, similar to the spread of
413  other diseases during livestock transfer” (e.g., (49)). Viral populations originating from the
414  Marennes-Oléron Bay are then subsequently shaped by local evolutionary and ecological
415  processes in the different farming areas. The next challenge is to characterize these
416  evolutionary and ecological processes that affect OsHV-1 genetic diversity and, in turn, their
417  impact on OsHV-1 virulence in the different farming areas. Given that the fate of new genetic
418 variants is largely determined by host selection, one hypothesis is that oyster populations
419 located in the Bay of Brest and Thau Lagoon exert a bottleneck on viral diversity imported
420  from Marennes-Oléron. However, several studies conducted in Europe to document oyster
421  genetic variability and population structure have revealed a high level of genetic diversity,

422  but no genetic differentiation between French populations (50-52). This lack of
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423  differentiation suggests that selection pressure exerted by oysters is not sufficient to explain
424 differences in viral genetic diversity between farming areas. Genetic drift also influences the
425  probability and rate by which alleles increase or decrease in frequency in a viral population;
426  drift results in the loss of genetic diversity, because only a subset of the population
427  contributes to the next generation (41). Furthermore, the relationship between environmental
428  factors and mortality events in Pacific oysters has been well documented (reviewed in (53)).
429  Environmental factors such as temperature, food availability, water quality and salinity or UV
430 radiation have been identified as risk factors that directly or indirectly affect POMS
431  dynamics. Given the variation in these factors among the studied oyster farming areas,
432  identifying the effects of these factors on the structure of OsHV-1 pVar populations may
433  shed new light on the processes of variant selection.

434 Combining data on OsHV-1 viral population structure using our new genomics
435  pipeline with robust epidemiological information from the different farming areas can offer
436  valuable insight into the dynamics of POMS infection (routes of transmission, potential
437  reservoirs) and thus ultimately help implement effective integrated viral disease management

438  strategies (54).
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Fig. 6. Graphical representation of OsHV-1 population connectivity in France.

Materials and Methods

OsHV-1 field infection and oyster sampling

All Crassostrea gigas oysters used in the present study were produced in August 2017
in the Ifremer experimental facilities located in Argenton (Brittany,France), as specific-
pathogen-free (SPF) juveniles (55). To sample OsHV-1 diversity, SPF oysters originating
from the same batch were transplanted into three oyster farming areas (~1000 individuals per
farm; average weight 1.5 g/oyster) during a disease outbreak when seawater temperature was
above 16°C: Thau Lagoon (Th) (Méze, Lat. 43.378888 long. 3.571111) in May 2018,

Marennes-Oléron Bay (Mo) (La Floride lat.: 45.802968 and long.: -1.153421) in June 2018
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451  and the Bay of Brest (Br) (Logonna-Daoulas, lat.: 48.335263 long.: -4.317922) in July 2018
452  (Fig. 1A). It has been established that massive mortalities can occur as early as 5 days after
453  oyster transplantation in the natural environment (55, 56). For this reason, oysters were
454  transferred back to laboratory facilities 5 days after transplantation. They were then
455  maintained in seawater tanks at 20°C, and moribund oysters were collected daily and stored
456  at -80°C until analysis. A control group consisted of oysters that had not been transplanted in
457  natural environment. Monitoring was stopped after three consecutive days without oyster
458  mortality. During transport, oysters were packed in polystyrene containers and kept moist by
459  covering them with a damp cloth.

460  DNA extraction, viral load quantification and sequencing

461 DNA was extracted from moribund oysters using the MagAttract® HMW DNA kit
462  (Qiagen) according to the manufacturer’s protocol. DNA purity and concentration were
463  checked using a Nano-Drop ND-1000 spectrometer (Thermo Scientific) and Qubit® dsDNA
464  HS assay kits (Molecular Probes Life Technologies), respectively. Quantification of OsHV-1
465 was carried out using quantitative PCR (qPCR). Amplification reactions were performed
466  using the Roche LightCycler 480 Real-Time thermocycler on three technical replicates
467  (qPHD-Montpellier GenomiX platform, Montpellier University, France). The total gPCR
468  reaction volume was 1.5 pl, consisting of 0.5 pL of DNA (40 ng/uL) and 1 pL of
469  LightCycler 480 SYBR Green I Master mix (Roche) containing 0.5 pM PCR primers
470  (Eurogenetec SA). The primers used were virus-specific and targeted the region of the
471  OsHV-1 genome predicted to encode a catalytic subunit of DNA polymerase (ORF100,
472  AY509253): Fw-5"-ATTGATGATGTGGATAATCTGTG-3’ and Rev-5’-
473 GGTAAATACCATTGGTCTTGTTCC-3’ (57). The following program was applied: enzyme
474 activation at 95° C for 10 min followed by 40 cycles of denaturation (95°C, 10 s), annealing

475  (60°C, 20 s) and elongation (72°C, 25 s). To check the specificity of the amplification, a
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476  subsequent melting step was applied. Twenty-one samples with a viral load greater than or
477  equal to 10° genomic units (GU)/ng of DNA were selected for sequencing (5 from Br, 7 from
478 Mo and 9 from Th). DNA-Seq library preparation and sequencing were performed by the
479  Genome Quebec Company (Genome Quebec Innovation Center, McGill University,
480 Montreal, Canada) using the Shotgun PCR-free library preparation kit (Lucigen) and the

481  NovaSeq™ 6000 Sequencing system (Illumina®) (paired ends, 150 bp).

482  Raw read QC and selection of viral reads

483 Read quality was evaluated using FastQC v0.11.8 (58), and sequence adapters were
484  removed using trimmomatic 0.39 (59). Reads shorter than 50 bp were discarded, and bases at
485  the start and the end of a read were trimmed when their PHRED quality score was below 30.
486  Additionally, reads were clipped if the average quality within a 4-bp sliding window fell
487  Dbelow 15. PCR duplicates were removed using Picard v2.22.4 (“Picard toolkit,” 2019

488  http://broadinstitute.github.io/picard/). Then, viral reads were extracted using KrakenUniq

489  0.5.8 (60) and Segkit v0.12.0 (61) with the seq --name --only-id and grep --pattern-file. To
490 avoid any host contamination, extracted reads were aligned to a C. gigas reference genome
491  (assembly version V9 (62)) using Bowtie2 4.8.2 (63), and non-aligned viral reads were kept

492  for subsequent analyses.

493  De novo assembly of non-redundant OsHV-1 genomes

494 Viral reads were used for de novo assembly using SPAdes with the --meta and --only-
495  assembler options (64). Assembled scaffolds were aligned to the OsHV-1 pVar A genome
496  (GenBank no. KY242785.1) using BLAST 2.9.0 (65) with an e-value of 0.00001. Scaffolds
497  were then extended using SSPACE v3.0 (66). Considering that the OsHV-1 genome is

498  composed of a combination of unique (U) and repeated (R) regions (TRL-UL-IRL-X-IRS—
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499 US-TRS-X, (34)) and that the latter have a size varying from 160 to 9777 bp, most of these
500 repeat sequences could not be resolved using a kmer approach.

501 Scaffolds were grouped according to their size using Segkit v0.12.0 (61). The first
502  group of scaffolds had a size between 2 kbp and 4 kbp and made it possible to select the US
503  region. The second group was composed of sequences with a size between 4 kbp and 20 kbp,
504  which made it possible to select the scaffold constituting IRL-X-IRS. Finally, the last group
505  contained sequences greater than 20 kbp, to select the UL region. We used these three groups
506  of scaffolds to construct non-redundant genomes (NR-genomes) that contain only one copy
507  of each repeated region (UL-IRL-X-IRS-US) (45). Because the repeat regions are inverted
508 complements of each other, several adjustments were made to avoid assembling sequences in
509 the wrong orientation. Using this strategy, 21 OsHV-1 NR-genomes were assembled from the

510 21 individual oyster samples.

511  Whole-genome comparisons and phylogenetic analyses

512 To assess the relationships between OsHV-1 genomes, the 21 NR-genome assemblies
513  were aligned using MAFFT v7.455 with default parameters (67). A consensus non-redundant
514 genome (C-NR-genome) was subsequently built using the “cons” argument from the
515 EMBOSS suite v6.6.0.0 with the default settings (68). Then the 21 NR-genomes were
516 compared to the C-NR-genome using MUMer4 4.0.0beta2 (69) with the option “nucmer -C
517 100 -1 15 —f to identify all the variable positions between the 21 NR-genomes. A maximum-
518 likelihood phylogenetic inference was conducted on the 21 NR-genomes and 7 NR-genomes
519  derived from previously published OsHV-1 genomes (AY509253, KU096999, KP412538,
520 KY242785, KY271630, MG561751, MF509813) using IqTree 1.6.7 (70), with 1000
521  bootstrap replications. The NR genome of the abalone herpesvirus (AbHV-1, KU096999)

522  was used as an outgroup. The ModelFinder implementation (71) resulted in the following
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523  best-fit model according to Bayesian information criterion: Transversion model + empirical
524  Dbase frequencies + gamma model with 4 rate categories. Results were locally visualized using

525  the R package ggTree v2.0.4 (72).

526  Variant calling analysis

527  To assess the genomic variability between the farming areas, both minor and major variants
528  of each sequencing library (21) were called on the C-NR-genome previously generated using
529  Freebayes v1.3.2-dirty (73), with the following settings: --use-mapping-quality, --min-repeat-
530 entropy 1, --haplotype-length 0, --min-alternate-count 5, --pooled-continuous, --hwe-priors-
531  off, --allele-balance-priors-off. The resulting variant calling outputs were normalized using
532  BCFtools v- (74), decomposed with vt v1.0.0 (75) and split with vcflib v1.0.0.. Considering
533  the very low occurrence of multi-nucleotide polymorphisms, these latter were counted as
534  InDels. Variable positions with a frequency of >50% were compared to those obtained with
535 MUMer4 for comparative genomics and all were validated. They were subsequently
536  subtracted from the variant calling files to retain only minority variants (with a frequency of
537 <50%). A unique identifier composed of the position and sequence information (e.g.
538  128737_A>G) of each minority variant was created. Set analyses of nucleotide variations
539  were performed with a multiplication matrix using R (76) operation and visualized with the

540  Venn Diagram package (77), UpSetR v1.4.0 (78) or pheatmap v1.0.12.

541  Downstream analyses

542  All downstream analyses (tables, graphs, plot creation and edition) were performed locally in
543 R 3.6 (76) on R studio IDE (79) with an extensive use of Dplyr v1.0.0 (80), and ggplot2 (81)
544  from the tidyverse v1.3.0 package (82). Genome visualization was carried out using gggenes

545 v0.4.0.
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546  Statistical Analyses

547  For statistical analyses, the samples were treated as three groups, representing the different
548  farming areas (Br, Mo and Th. Kruskal-Wallis and Dunn's multiple comparison tests were

549  used locally (GraphPad Prism 8.4.2) to compare the number of SNPs or InDels.

550 Data availability

551  The datasets generated from this study can be found in the SRA database BioProject
552  accession number PRINA681599 with submission ID SUB8642385. All the scripts generated

553 in this study are freely available at https://github.com/propan2one/OshV-1-molepidemio.

554  Complementary information is available from the corresponding authors upon reasonable
555  request.
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