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containing a single family in the plate assay and percent
survival for each small bag containing a single family in
the field trial. A Bayesian Gaussian process regression
model [22] was used to estimate the genetic and error vari-
ances in order to estimate heritability and its uncertainty. A
high heritability means that closely related families are
more similar in their survival than distantly related families.
The 71 MBP families are the seventh selected MBP gener-
ation and are all genetically related through a pedigree [16].
The assumptions for the model were:

y � N μ; σ2aAþ σ2eI
� �

σ2a ; σ
2
e � U 0; σ2y

� �

The phenotype y was assumed to be distributed as a
multivariate normal distribution with the mean μ being
the mean of y and the covariance matrix σ2aAþ σ2eI ,
where A was the additive relationship matrix [23], σ2a
was the additive genetic variance, I was an identity
matrix, and σ2e was the error variance. The additive rela-
tionship matrix was created using the relatedness of the
current generation of oysters with the preceding six gen-
erations. The variances were assumed to be distributed
as uniform distributions bound between zero and the
variance of y. The posterior distributions of the vari-
ances were obtained through Markov chain Monte Carlo
(MCMC) sampling using the No-U-Turn sampler imple-
mented in Stan [24]. Four Markov chains were generated
with 10,000 iterations per chain, half of which were
warmup iterations. Convergence of the Markov chains
to the posterior variance distributions was checked by
observing if the Gelman-Rubin statistic was close to one
[25]. The 20,000 post-warmup samples were used to ob-
tain posterior modes and 95% highest posterior density
intervals [22] for the variance and heritability estimates.

Heritability (h2) was calculated as σ2a

σ2aþ
σ2e
n

where n was the

number of replicates, which was two in the plate assay
and four in the field trial. A parameter was considered
significant if its 95% highest posterior density interval
did not include zero.
To determine if survival values to the French OsHV-1

μvar (C-25) and the Tomales Bay (C-89) OsHV-1 variant
were correlated, 95% confidence intervals for Pearson
correlation coefficients between breeding values of phe-
notypes were calculated to determine significant correla-
tions, which were correlations whose confidence
intervals did not contain zero, from the Fisher trans-
formation [26]. Breeding values of phenotypes were ob-

tained from the equation μþσ2aAðσ2aAþσ2eIÞ−1ðy−μÞ ,
Because not all 71 MBP families were tested in both ex-
periments, breeding values of families missing in either
experiment were predicted by adding their relationships

to the non-missing families as rows in the left-hand side
A of the above equation.

Results
Plate assay
Only a single oyster in the control treatment died among
all MBP, hybrid, and French families tested. The distribu-
tion for the mean cumulative survival in the viral exposure
treatment on day three was truncated normal and on days
four to seven were approximately normal, with mean cu-
mulative survival decreasing over time (Fig. 1a). By day
seven, the two French selected resistant families had a
higher cumulative survival (100 and 95%) than the two
French unselected families (45 and 30%) and the French
selected susceptible family (21%). The hybrid family had a
cumulative survival (5%) that was greater than four MBP
families out of the 69 MBP families tested. The mean cu-
mulative survival of the MBP families was 34% and varied
greatly from 0 to 84%. The mean absolute difference in
percent survival among replicates of the MBP families was
6, 10, 14, 18, and 17%, respectively, for days three to seven.
No viral DNA was detected in spat from the MBP or
French families at the beginning of the plate assay. Viral
DNA concentrations increased over the span of the ex-
periment in the five random MBP and French selected
susceptible families with the French selected resistant fam-
ilies having significantly lower viral DNA than MBP fam-
ilies by day seven (Fig. 2a). The mean cumulative survival
of the five random MBP families was the same as that of
all the MBP families (34%). The cumulative survival phe-
notypes for each time point were significantly heritable,
with the highest heritability at five days post-infection
(0.69) and the lowest heritability at three days post-
infection (0.57) (Table 1). The breeding values between
any two time points were significantly positively correlated
(0.59–0.95) (Table 2).

Field trial
On 1 August 2018, family mortality counts from a sig-
nificant mortality event coinciding with elevated temper-
atures (Fig. 3) were recorded and showed a truncated
normal distribution (Fig. 1b). The two naturalized Will-
apa families (97 and 92%) and the commercial family
(93%) had higher survival than the hybrid family (71%),
which had greater survival than 14 MBP families out of
the 66 MBP families tested. The survival phenotype
among the MBP families had a mean of 83% and ranged
from 45 to 99% and the phenotype was significantly her-
itable (Table 1). The mean standard deviation among
replicates was 18%. All sampled oysters except five live
oysters tested positive for OsHV-1 DNA, and all sam-
pled oysters except one dead oyster had amplifiable
DNA. Viral DNA concentrations from live oysters sam-
pled were uniformly distributed in the logarithm scale
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Fig. 2 a Logarithm-transformed means and standard errors of OsHV-1 variant DNA concentration measured using qPCR over time from pooled
spat (n = 3 pools, 5 spat per pool) in the plate assay for five random MBP families, two French selected resistant families, and one French selected
susceptible family. No viral copies were detected at the start of the experiment (not shown due to log transformation). At day six, the OsHV-1
DNA concentrations (untransformed scale) of the French selected resistant families and the MBP families, which were not significantly different
from each other (p > 0.05), were significantly less (p < 0.05) than the French selected susceptible family. At day seven, the MBP families had a
significantly greater OsHV-1 DNA concentration than the French selected resistant families while the French selected susceptible family had an
OsHV-1 DNA concentration that was not significantly different than either of the two other groups of families. No other within-day group
comparisons were statistically significant in the untransformed scale. b Logarithm-transformed OsHV-1 DNA concentration distributions for live
(n = 26) and dead (n = 22) random MBP oysters that were sampled on 1 August 2018 from Tomales Bay and tested positive for OsHV-1 by qPCR.
Five live oysters tested negative for OsHV-1 (not shown due to log transformation) and one dead oyster has no amplifiable DNA. Logarithm-
transformed means of live (OsHV-1 negative and positive) and dead oysters are shown by dashed vertical lines

Fig. 1 a Mean cumulative percent survival of 69 MBP families, one hybrid family, two French selected resistant families, one French selected
susceptible family, and two French unselected families from day three post-infection with the French OsHV-1 variant (C-25) to day seven in a
plate assay in France with two replications. Distributions of the mean cumulative percent survival are shown on the right-hand side. b
Distribution of the mean percent survival of 66 MBP families replicated four times after a significant OsHV-1 (C-89) mortality event in Tomales Bay,
California with the mean percent survival of one hybrid family, two naturalized Willapa families, and one commercial family shown by dashed
vertical lines
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(Fig. 2b) and ranged from zero OsHV-1 copies/g to
2.4 × 1010 OsHV-1 copies/g. Viral DNA concentrations
from dead oysters sampled were approximately normally
distributed in the logarithm scale and ranged from 4.8 ×
106 OsHV-1 copies/g to 2.2 × 1010 OsHV-1 copies/g.
The mean viral DNA concentrations for the live and
dead oysters were 1.7 × 109 OsHV-1 copies/g and 4.3 ×
109 OsHV-1 copies/g, respectively.

Correlation between the plate assay and field trial
A weak but significant correlation of 0.24 was found be-
tween the day three plate assay breeding values and the
field trial breeding values as well as between the day
seven plate assay and the field trial (Table 2; Fig. 4). No
other between-experiment correlations were significant.

Discussion
Significant genetic variation for resistance to two variants of
OsHV-1 exists in the MBP breeding population (Table 1),
which has not been previously selected for this trait. This
finding is similar to the results reported for the French and
Australian breeding programs [9, 10], where genetic vari-
ation for resistance to OsHV-1 was reported in previously
unselected Pacific oysters and used to develop resistant
broodstock. Whether the molecular pathways responsible
for resistance to OsHV-1 are similar in resistant oysters
from these breeding programs remains to be determined.
By using time-series viral DNA quantification in the plate

assay and individual oyster OsHV-1 quantification from

oysters in Tomales Bay, we confirmed that the mortality ob-
served in both experiments was related to the presence of
high loads of OsHV-1 DNA (Fig. 2), although other causes
might interact in Tomales Bay. Seawater temperature data
suggest that the mass mortality event observed was partly
due to mean temperatures reaching 18 °C and above (Fig. 3),
which is lower than the constant 20 °C experienced by spat
in the laboratory plate assay. Mortality due to OsHV-1 in the
outer bay of Tomales Bay, where the oysters were planted in
this study, has previously been reported to be correlated to
temperatures above 16 °C [1]. The French resistant families
managed to limit infection by the OsHV-1 μvar in compari-
son to the MBP families or the French susceptible family
(Fig. 2a), confirming the previously reported resistance in the
French-bred resistant families [27–29]. Mean survival among
MBP families in the Tomales Bay field trial was high, as was
the variance in survival among families (Fig. 1). Consider-
ation of OsHV-1 survival in Tomales Bay during commercial
broodstock selection should increase the mean survival of
oysters in the resulting families as the survival variance was
partly genetic (Table 1). While survival of the MBP families
was high in this field trial, it reflects a single mortality event
and the single count did not allow for a final mortality count;
however, the plate assay results suggest that obtaining mul-
tiple mortality counts over time would not greatly alter this
estimate of trait heritability. Furthermore, OsHV-1 survival is
partly a function of temperature, so a longer elevated
temperature event within permissive temperatures would
likely cause greater mortality [1, 30, 31]. If strong genetic

Table 1 Posterior modes (95% highest posterior density intervals in parentheses) of Bayesian Gaussian process regression model
parameters estimated from the MBP families for the plate assay (PA) across days post-infection and the Tomales Bay field trial (TB).
The parameters are the genetic (σ2a) and error (σ2e) variances. Heritability (h

2) is a statistic calculated from the variances

Phenotype σ2a σ2e h2

PA Day 3 15.76 (3.42–34.56) 33.13 (24.59–45.76) 0.57 (0.22–0.74)

PA Day 4 81.61 (39.99–141.44) 88.12 (65.03–127.46) 0.68 (0.46–0.80)

PA Day 5 160.46 (82.36–266.01) 162.29 (116.53–226.35) 0.69 (0.49–0.81)

PA Day 6 225.05 (97.14–406.81) 292.37 (205.81–409.70) 0.63 (0.40–0.79)

PA Day 7 229.34 (100.40–415.37) 282.49 (205.72–410.45) 0.65 (0.41–0.79)

TB 79.31 (31.41–160.97) 318.01 (272.47–388.68) 0.53 (0.31–0.70)

Table 2 Pearson correlation coefficients (95% confidence intervals in parentheses) between breeding values of phenotypes for the
plate assay (PA) across days post-infection and the Tomales Bay field trial (TB)

PA Day 3 PA Day 4 PA Day 5 PA Day 6 PA Day 7 TB

PA Day 3 1 0.74 (0.61–0.83) 0.67 (0.51–0.78) 0.66 (0.51–0.78) 0.59 (0.41–0.72) 0.24 (0.01–0.45)

PA Day 4 1 0.93 (0.88–0.95) 0.86 (0.78–0.91) 0.79 (0.69–0.87) 0.2 (−0.04–0.41)

PA Day 5 1 0.90 (0.85–0.94) 0.84 (0.75–0.90) 0.17 (−0.06–0.39)

PA Day 6 1 0.95 (0.92–0.97) 0.17 (−0.06–0.39)

PA Day 7 1 0.24 (0.01–0.45)

TB 1
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correlations do not exist between OsHV-1 survival influ-
enced by temperature events of varying severity, field trials
would be an ineffective resistance screening method as
oyster growers desire OsHV-1 survival to the worst-case
scenario. Additionally, other factors possibly influencing
OsHV-1 survival, such as Vibrio spp. [27], should be con-
sidered in future studies to ensure that selected brood-
stock are resistant to OsHV-1 across a broad range of
environments on the West Coast.
Surprisingly, the genetic correlations between resistance

to a French OsHV-1 μvar (C-25) and resistance to the
Tomales Bay OsHV-1 variant (C-89) were weak or non-
significant (Table 2). An explanation for this might be that
only some pathways are effective against particular OsHV-

1 variants due to evolution by the virus. It has been re-
ported that oysters become more resistant to OsHV-1 as
they age [32, 33], so an interaction between genotype and
age might account for the low correlation as the spat in
the plate assay were three months old when exposed to
OsHV-1 while the spat in the field trial were five months
old when exposed to OsHV-1 in combination with an ele-
vated temperature event. Testing both variants in the la-
boratory with spat fertilized on the same date would
determine if the cross-variant correlation deviates signifi-
cantly from one. If the correlation does not deviate signifi-
cantly from one, it would be advantageous to continue to
test families at multiple ages to exploit the genotype-by-
age effect such that oyster families that have high OsHV-1
survival at more than one stage of maturity can be se-
lected. This selection would eliminate the need to plant
older oysters on the West Coast to avoid OsHV-1 mortal-
ity. Despite the low genetic cross-variant correlations,
MBP families with high survival breeding values to both
variants exist (Fig. 4) and can be used as parents in future
generations.

Conclusions
This study is the first large-scale screening of Pacific
oyster families from the West Coast of the United States
for resistance to two variants of OsHV-1. We found that
the MBP families have a significant amount of genetic
variation in resistance to both the Tomales Bay OsHV-1
variant and the French OsHV-1 μvar. This variation can
be exploited through family-based selection to develop
resistant broodstock; however, selection for survival to
one variant may not greatly increase survival to the other

Fig. 3 Maximum, mean, and minimum daily seawater temperatures at the Tomales Bay planting site from the day after planting to the day
before phenotyping the oysters for survival against the OsHV-1 mortality event plotted as raw values (points) and smoothed lines. Spat were
planted on 23 May 2018 and OsHV-1 survival was phenotyped on 1 August 2018

Fig. 4 Breeding values (BVs) of MBP families for survival to the
French OsHV-1 μvar (C-25) in the plate assay seven days post-
infection and to the Tomales Bay OsHV-1 variant (C-89) in the field
trial with the line of best fit
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variant due to a low observed correlation between the
survival breeding values in the MBP population.
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