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ARTICLE INFO ABSTRACT

Keywords: Norovirus is a significant global cause of viral gastroenteritis, with raw oyster consumption often linked to such
Norovirus outbreaks due to their filter-feeding in harvest waters. National water quality and depuration/relaying times are
Norwalk_ often classified using Escherichia coli, a poor proxy for norovirus levels in shellfish. The current norovirus assay is
Is)slellfr;]t:on limited to only the digestive tracts of oysters, meaning the total norovirus load of an oyster may differ from

reported results. These limitations motivated this work, building upon previous modelling by the authors, and
considers the sequestration of norovirus into observed and cryptic (unobservable) compartments within each
oyster. Results show that total norovirus levels in shellfish batches exhibit distinct peaks during the early dep-
uration stages, with each peak’s magnitude dependent on the proportion of cryptic norovirus. These results are
supported by depuration trial data and other studies, where viral levels often exhibit multiphase decays. This
work’s significant result is that any future norovirus legislation needs to consider not only the harvest site’s water
classification but also the total viral load present in oysters entering the market. We show that 62 h of depuration
should be undertaken before any norovirus testing is conducted on oyster samples, being the time required for
cryptic viral loads to have transited into the digestive tracts where they can be detected by current assay, or have
exited the oyster.

Mathematical model
Oyster farming

1. Introduction

Noroviruses (NoVs) have long been identified as a significant cause
of acute gastroenteritis (Banyai et al., 2018; O’Brien et al., 2018),
inducing symptoms such as muscular and abdominal pain, diarrhea and
nausea that can often result in dehydration (Hassard et al., 2017).
Children under 5 years old are particularly vulnerable to the effects of
acute gastroenteritis from NoV, with immunocompromised children
especially at risk of fatal outcomes from acute gastroenteritis (Patel
et al., 2008; Esposito et al., 2014; Thongprachum et al., 2013). NoVs are
transmitted via faecal-oral routes, by personal contact, or from
contaminated water, environment or food (O’Brien et al., 2018; Hassard
et al.,, 2017; Lees, 2000). A major pathway from food to human is the
consumption of bivalve shellfish (Lees, 2000; Greening and McCoubrey,

20105 Schaeffer et al., 2013) as they are known to bioconcentrate any
pathogens that are present in their immediate waters during
filter-feeding (Greening and McCoubrey, 2010; Lees, 2010; Muniain--
Mujika et al., 2002; Guyader et al., 2006). The occurrence of NoV out-
breaks was reported to increase before the COVID-19 pandemic (van
Beek et al.,, 2013) and, while NoV outbreaks were reduced during
2020-21, there are indications that outbreaks are returning to
pre-pandemic levels (Keaveney et al., 2022; Kambhampati et al., 2022).

Edible oysters, such as Pacific cupped (Magallana gigas) and Amer-
ican cupped (Crassostrea virginica) oysters, have been further identified
as particular NoV transmitters due to the prevalence of their raw con-
sumption in many countries, which poses a greater risk than the con-
sumption of cooked produce that is contaminated with NoV (Schaeffer
et al., 2013, 2018; Pouillot et al., 2021). Many oyster farms are located
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in coastal waters and often close to sewage treatment works, increasing
the likelihood of NoV contaminated oysters at harvest (Schaeffer et al.,
2018). A 2018 survey collected oysters from various United Kingdom
(UK) points-of-sale and detected NoV in 68.7% of samples (Lowther
et al.,, 2018), thus emphasizing the importance of pathogen control
measures within the shellfish industry. Most developed countries have
legislation in place to minimise the levels of faecal contamination found
in shellfish: the European Union currently uses a harvest site classifi-
cation based on levels of an indicator organism Escherichia coli (E. coli)
which identifies safe sites (Class A), sites where further shellfish puri-
fication is required (Class B, C), and sites where harvesting is not
permitted (Anonymous, 2004). The UK adopted the same classification
protocols when they exited the European Union in 2020 (Food Standards
Agency, 2022); however, recent reports of English water companies
discharging raw sewage into rivers and coastal waters (Armitage, 2022;
Laville and Mclntyre, 2019; Brown, 2020) could result in more sites
being classified as B or C, or farming permits being rescinded.

One purification method is depuration, where harvested shellfish are
submerged in tanks of clean, oxygenated water where they excrete any
accumulated contaminants. Current standard depuration periods are
around 42 h (Polo et al., 2014); however, this time period is based upon
the removal of E. coli (Doré and Lees, 1995) and is often insufficient for
reducing the levels of enteric viruses (such as NoV) that can persist
within shellfish beyond 42 h of depuration (Lees, 2000; McMenemy
etal., 2018). The most common assay employed for the detection of NoV
in shellfish is polymerase chain reaction (PCR); however, this test only
quantifies the NoV load within the digestive glands of the oyster (Lees,
2000; Anonymous, 2017), with the rest of the shellfish discarded
including the tract of the oyster’s digestive system that precedes the
digestive glands (Lees, 2010; Loisy et al., 2005).

Some studies have shown that molluscs compartmentalise NoV
within biological tracts that are not currently tested by PCR, and that
molluscs internally sequester and transfer pathogen levels sequentially
through their whole digestive system, transiting NoV through their gills,
labial palps, mouth, oesophagus and intestines before reaching their
stomach/digestive glands (Doré and Lees, 1995; Wang et al., 2008).
Therefore, NoV levels that are not currently detectable by PCR must be
considered from a food safety standpoint, as whole oysters are often
consumed uncooked, exposing consumers to the entire NoV load present
in the oyster and not just the load that is detectable by PCR. Therefore, it
is possible that oysters contain significant levels of NoV which cannot be
measured by the current PCR assay. Wang et al. carried out 2008 study,
analysing the sequestration of NoV in suminoe oysters (Crassostrea
ariakensis) using immunohistochemical analysis (Wang et al., 2008), and
reported that significant NoV levels were discovered outside the diges-
tive glands. In a similar study, Dore and Lees (Doré and Lees, 1995)
analysed the depuration effect on FRNA + bacteriophage within oysters
and mussels, and reported that FRNA + bacteriophage was still detected
in approximately 60% of the digestive glands and 40% elsewhere within
mussels after depuration. Note that, while FRNA + bacteriophage can
often be used as a NoV or fecal matter test surrogate, how this pathogen
bioaccumulates in oysters does differ from NoV accumulation which
binds to histo-blood group antigens within the mollusc (Su et al., 2018;
Leduc et al., 2020; Ma et al., 2018).

Some studies have been carried out to quantify minimum depuration
periods for NoV, although there exists a paucity of in vivo testing of
depuration NoV effectiveness (Ueki et al., 2007; Savini et al., 2009;
Neish, 2013). To address this shortage, mathematical modelling of
depuration effectiveness on pathogens has been undertaken, with
models of NoV in single molluscs (Polo et al., 2014, 2015) and of
shellfish populations during depuration (McMenemy et al., 2018). The
NoV population model was founded on two main premises: (i) NoV
levels are lognormally distributed across a molluscan population; (ii)
each mollusc stores any pathogen in its digestive glands.

However, Rowan (2023) reported that “not all documented decon-
tamination studies appear to exhibit viral data that are log-linear in
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performance”, indicating that there may be some other mechanism at
play with respect to NoV levels during depuration. Data from a 2013
study by Neish (2013) indicated that median NOV levels in oysters
sampled during a controlled study could increase after 50 h of depu-
ration, or at least do not have decay profiles which are log-linear, as
reported in other literature (Rowan, 2023; Rupnik et al., 2021).

These studies, along with the consideration that there may exist some
cryptic (that is, unobservable by current assay) NoV sequestration
within oysters, motivated this work which extends the depuration
population model of McMenemy et al. (2018) by incorporating two
compartments of NoV in each oyster: an observable compartment
(digestive gland), and a cryptic compartment (rest of oyster) which is
not currently tested for NoV by PCR. Results from the model are pre-
sented, with focus on the difference of minimum depuration times be-
tween the compartmental and non-compartmental model variants. The
implications for testing protocols are then considered and discussed, and
recommendations for future testing protocols are presented.

2. Model
2.1. Single oyster NoV loads

The model is constructed on the assumption of compartmentalised
NoV loads as described above. Once an oyster resumes filter-feeding in a
depuration tank, any NoV present in the cryptic, pre-gland parts (y,)
would begin transiting through the digestive system into the digestive
gland (x,), Fig. 1. A compartmental model can describe this process, with
the total NoV load in the oyster at time t defined as z;, where z; = x; + y;,
where the compartment x; is referred to as the observable NoV load and y;
as the cryptic NoV load. For simplicity, it is assumed that x; and y,, as
continuous functions of time, satisfy a set of differential equations where

X = ky; — bx,, (€]
Yo = —ky:. (2

The parameter k quantifies the internal transfer rate of NoV from the
cryptic compartment into the observable section; the parameter b de-
scribes the rate at which NoV is removed from the digestive gland (and
from the oyster) by excretion during depuration (Fig. 1).

We assume that, at t = 0 (pre-depuration), the total NoV load is split
between these two compartments, with the observable and cryptic loads
set as proportions of the total load (z(), where xo = Azg and yo = (1 — A)
2o. The value of A determines the proportion of an oyster’s total, initial
NoV load (2o) present in the observable part of the digestive gland, with
0 < A<1.

Equations (1) and (2) are first-order, homogeneous equations and
solutions are readily obtained, beginning with y;:

ye = (1 —A)zoexp{—kt}, 3)

with the observable compartment’s solution described by

X =X O, “4)
where

k(1 —=A) B (Ab — k) B
0,=A X exp{ — kt} +7(b myy exp{ — bt} |, 5)

and 0<A<1, b # k. A solution for the total NoV load in an oyster (z;) can
also be obtained by substituting the equations describing x; and y,
(Equations (3)-(5)) into 2; = x¢ + ¥ and simplifying to obtain

% =120 (6)

where
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Fig. 1. Representation of NoV transit through an oyster’s digestive system during relaying/depuration.

b(1—A)

Ab — k)
(b—k) -

exp{ — kt} + ((b 3

If k < b there would be no accumulation of NoV in x;, something which is
contrary to literature findings that NoV selectively binds and aggregates
within the digestive gland of molluscs (xy) (Le Guyader et al., 2006; Ueki
et al., 2007; Anonymous, 2012). Therefore, we restrict b < k to describe
the internal transfer of NoV from y; to x;. Equations (3)-(7) are derived
in A Appendix.

Q = exp{ — bt} |. )

2.2. Probability distributions of x¢ and zp

Equations (1)—(7) describe the depuration dynamics of compart-
mentalised NoV within individual oysters. As described by McMenemy
et al. (2018), these equations can be applied across an oyster population
to construct models of the depuration process. For simplicity we assume
that all variability in the system is associated with the total initial NoV
loads, Zy, and that A is fixed across the population. Thus the distribution
of initial observable NoV is given by P(Xy = x¢) = A1 P(Zy = 20). As per
McMenemy et al. and references therein (McMenemy et al., 2018), we
assume that NoV loads across an oyster population are well-described by
a log-normal distribution, and the probability density function (PDF) of
observable loads is described by:

! {—(ln(xo) ) } ®

P(xy) = ex
( ()) X000 /727[ p 2(76

where yg is the mean of the log-values of observable NoV per shellfish,
and o¢ the standard deviation of these values. The probability distri-
bution of total NoV at pre-depuration can also be derived:

~(in(Az0) —py* }

1
P(z) = 9
@) = e"p{ 202 ©

Equations (8) and (9) model the pre-depuration distributions of the
observable and total NoV loads, respectively.

2.3. NoV distributions during depuration

Equations (4)-(7) describe the observable and total NoV loads pre-
sent in individual oysters prior to and during depuration, and can be
used to change the variables of Equations (8) and (9) to obtain density
functions for any time during depuration (¢t > 0). For observable NoV
loads, we state the relationship between the pre-depuration NoV dis-
tribution, P(xy), and during depuration distribution, P(xy), as P(x¢)dxo =
P(xpdx;. Using Equations (4) and (8), we can derive P(x;) where

1 Xy : )
P(x;) = ron/on exp{ - <ln <a> —;40) /20'0 } (10)

Similarly, the density function describing the total pathogen load during
depuration (P(z;)) can also be derived as:

_ 1 AZ/ z
P(z) = m exp{ — (ln(a’) —,u0> /263 } 11

Thus, Equations (10) and (11), coupled with the definitions of ©;
(Equation (5)) and Q, (Equation (7)), model the respective distributions
of the observable and total NoV loads during the depuration process.

2.4. Minimum depuration times

McMenemy et al. (2018) applied two control parameters in their
model to obtain depuration time estimates which conform to these
controls:

(i) ¥ - a pathogen threshold value per shellfish;
(i1) ¢ - a proportion of shellfish with pathogen loads less than P.

Applying the same controls to this study, the parameter ¥ splits the area
under the distributions’ curves into two parts: the head of the density
distribution where x;, z; < ¥ with an area equal to the proportion of
oysters whose NoV load is less than P, and the tail whose area represents
the proportion of oysters with NoV loads greater than V.

The value of ¢ can be stated as being, respectively for observable
(Equation (10)) and total (Equation (11)) pathogen loads, the areas
under the distribution curves where:

v
1 X 2
Px,<¥) = {m exp{ — (ln(é) —ﬂo) /20'[2) }dx, =9 (12
and

v
_ ! _ A\ N\ _
P(z,<¥) = /Z,o‘o\/ﬁ exp{ (ln(Ql) ,u0> /20’0 }dx, =¢p. (13)

0

The values of the integrals in Equations (12) and (13) will equal the
parameter ¢ only after a specific depuration time t has elapsed. A min-
imum depuration time (MDT) required to satisfy the constraints pa-
rameters ¥ and ¢ was defined by McMenemy et al. (2018) and an
analytical solution for t was obtained; however, analytical solutions of
Equations (12) and (13) for t cannot be derived. The terms ©; and Q;
(Equations (5) and (7)) are both in the generic form ©;, Q; = [mexp{ —
kt} + nexp{ — bt} | (m,n € R), which have no analytical solution for t.

2.5. Variability estimation

Obtaining parameter estimates for NoV variability across shellfish
populations is time-consuming (Neish, 2013). To address this issue,
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McMenemy et al. (2018) derived a worst-case estimate of the variability
inherent in the exponential model. To derive the same worst-case vari-
ability for Equations (12) and (13), we can generalise this approach,
stating that

Pls,<¥) = /olm oxp {—(ln(s,)+g(z>—uo> } P (14)

2
203
0

where g(t) is some function of time ¢, and s; is either of x; or 2. For the
observable distribution, g(t) = — In(®;), and for the total, g(t) =In(A) —
In(Q;). Solving Equation (14) for g(t) yields

g(t) = —%og +V200erf ' (20 — 1) + ln(%>, (15)

where 5 is the pre-depuration arithmetic mean of the generalised NoV
distribution. Equation (15) is of concave quadratic form with respect to
00, Which is maximised when

60 = V2erf ™' (29 — 1), (16)

irrespective of the form of g(t), and thus is equivalent to that derived in
McMenemy et al. (2018), who defined this as the worst-case variability
(WCV).

From all preceding statements, it can be shown that the arithmetic
mean for the observable NoV load at time t is X, = ©:Xy, and the
arithmetic mean of the total NoV load P(z,) can be shown to be z; = ;2.

2.6. Salient depuration times

The assumption of a cryptic pathogen compartment (y;) within the
model results in the MDT for the total load being greater than that of the
observable load only if a # 0. It is crucial to quantify this difference, as
any cryptic NoV load could contribute to PCR test results under-
reporting NoV, and also potentially result in an increased food safety
risk. Fig. 2 shows the decays of the observable (x;) and total (z;) mean
NoV loads, where it is apparent that some time must elapse in depu-
ration before the total NoV load (2;) decays to equal the value of the
initial, observable load (Xo). Note also that x; begins to closely approx-
imate z; after a significant time, being mainly dependent upon the value
of the parameter A.

Three salient depuration times are shown in Fig. 2:

71: cryptic NoV load approaches zero, i.e., when X; ~ ;.

Zo
\
N —
\\ ..... X;
. \\ ---Z
—_ | . _——- = bt
XO“ \\ XOe( )
3 N >
o “~
— N >
\‘ -
2 N | s
N .
Z S
-~ ' ~
\lr g
~ ~
: ~\~ \'\
—_ [ ~. 2
\I] I ~ -~
i T~ -
[l ‘~\_‘_~‘-~_
: ==
T1 T2 TS

Depuration time (7)

Fig. 2. Generic plot of dynamics of mean pathogen loads X; (observable NoV
load), 2; (total NoV load) assuming A # 0. The model described in (McMenemy
et al., 2018) is shown here as Xge ™, with b the depuration rate.
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We can identify the time (t;) when the mean, observable load closely
approximates the mean, total NoV load. This is equivalent to when y; —
0, i.e., when almost all of the initial, cryptic NoV load (yy) has transited
to x; (mathematically, y; # 0; however, y; could reduce to zero in reality).
Setting a proportion p close to 1, (p<1), we can calculate when 17 occurs,
i.e., when X; = z; or y;; = (1 — p)¥o. This can be simplified using y;, =
Yoexp{ — k11 } to obtain:

1

T = —Zln{l - p}. 17)

T9: MDT of exponential model, Xpexp{ — bt} = ¥.

A description of the arithmetic mean of a log-normal distribution
satisfying both ¥ and ¢ control parameters (denoted by ¥) can be ob-
tained from the definition of 15, and can be stated as

¥ = xexp{ — b1o}, (18)

In McMenemy et al. (2018), MDTs were calculated from

—pl 15— 1)) *o
Twey = b7 [(erf (2 = 1)) +1n(3) | 19)
Adopting this same approach allows us to state Ty, the MDT of the
exponential model, as

n=b[(ef ' 2p - 1) +m{T ], (20)

t3: MDT of compartmental model, Z; = ¥. The mean total pathogen
load at any time t is defined as z; = Q2. From this, and an exami-
nation of Fig. 2, it is apparent that the MDT for the total NoV load
(here designated as t3) occurs when z;; = Y. Equation (6) (z; = 20 Q)
and 18 (¥ = Xpexp{ — bt2}) can be substituted in to obtain

Q. :;Oexp{ —%03}. 21)
Here Q, is a function of the mean, total NoV load’s minimum depu-
ration time (t3). We have previously shown that an analytical solution
w.r.t. time t for Q; is not attainable; therefore, numerical methods must
be used to obtain values for t3. The value of 73 obtained from Equation
(21) is the MDT which accounts for both the observed and unobserved
NoV loads present. It follows that the value of T3 — T3 quantifies the
depuration time required to meet the NoV threshold value ¥ in addition
to the MDT calculated when assuming no cryptic NoV loads.

3. Results

Comparisons between the dynamics of the compartmental model
were made with those of the depuration model developed in McMenemy
et al. (2018). The sensitivity of the compartmental model parameters
was also analysed, with particular focus on the sensitivity of the internal
pathogen transfer rate, k. Finally, and most importantly, differentials
between the MDTs for the compartmental model (t3) and the expo-
nential decay model (t3) were calculated and analysed.

3.1. Parameterization of compartmental model

McMenemy et al. (2018) parameterized their model from literature,
obtaining values for b (depuration decay rate), ¥ (NoV limit) and Xy
(initial mean NoV load) from literature (Doré et al., 2010; Lowther et al.,
2012), and set ¢ € {0.90, 0.95, 0.99}. We only used ¢ = 0.95 in our
analysis to examine the differences between the depuration decay and
compartmentalised models. To obtain a value for k, the internal transfer
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rate of NoV from cryptic to observable compartments, we utilised lon-
gitudinal data obtained by Neish (2013), where they conducted PCR
assay on oyster samples at depuration times t € {0, 42, 90, 162, 210,
258, 330} hours. These data were used to estimate parameter values for
A, k, b and X, using nonlinear least squares regression and values are
shown in Table 1. B Appendix contains further details of the experiment
and data.

The regression derived value of Xo shown in Table 1 is significantly
greater than that of the value of x; obtained from literature, and is due to
the regression value being derived from oyster samples that were
exposed to artificially high levels of effluence before depuration to
ensure that all samples would return NoV values above the limit of
quantitation.

3.2. Comparison of initial distributions

Equations (4)—(7) and (10) and (11) model the depuration dynamics
of NoV within oysters, providing descriptions of both the observable and
cryptic compartments across a population of oysters. If any cryptic NoV
load exists at the pre-depuration stage (i.e., A # 1 when t = 0) then the
pre-depuration distributions of the observable and total NoV loads
would exhibit different shapes.

Fig. 3a shows the distribution of the observable compartment, P(xo),
and exhibits a positive skewness and a peak close to zero. These
contribute to the probability p = 0.423 of the observable distribution’s
population that will have a NoV load less than ¥ = 200 NoV cpg. Fig. 3b
plots the total NoV load at pre-depuration (P(zp)), and we observed a
notably smaller peak than that of P(x). This is due to the addition of the
cryptic NoV compartment to the model, resulting in a flattening of the
PDF towards higher values for all variates. As the mode is much smaller
than that of P(xq), this reduces the area between 0 < zg < 200 while
increasing the area of the tail (zo > 1000). These plots conform with
sensible expectations: the inclusion of additional, sequestered NoV loads
per oyster should result in an across-the-board increase in the total
pathogen load.

3.3. Sensitivity of salient times to parameters

The sensitivity of each of the salient times to variation in the four
parameters A, b, k and p is shown in Fig. 4. In each plot, one of four

Table 1

Parameters and values derived from literature and nonlinear least squares
regression. The salient times impacted by changes in parameters values are also
noted.

Parameter Literature = Regression = Parameter Salient
value time
value value applied impacted

Initial observable NoV N/A 0.461 0.461 T3
proportion, A

Depuration decay rate, 0.01339 ° 0.00398 0.01339 To, T3
b

Internal NoV transfer N/A 0.07453 0.07453 T1, T3
rate, k

Pre-depuration mean 1064 " 191245 1064 To, T3
NoV load, Xy

NoV assurance level, ¢ 0.95 N/A 0.95 To, T3

Log-normal distribution 5.617 N/A 5.617 To, T3
location, uq

Log-normal distribution 1.645 N/A 1.645 To, T3
spread, oo

NoV threshold limit, ¥ 200 N/A 200 To, T3

Proportion for when N/A N/A 0.99 T
Ye=0,p

2 (Doré et al., 2010).

b (Lowther et al., 2012).

¢ Values obtained from (Neish, 2013) using ‘nls’ function in R (R Core Team,
2013).
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variables is varied while holding all other parameters fixed, with the
process repeated for each of A, b, k and p. Lines show the impact of
varying each parameter +1/3 of the value stated in Table 1, with the
exception of p where, to allow +1/3 sensitivity analysis, p = 0.75 was
used.

Fig. 4a shows how the value of t; is impacted by varying one
parameter at a time, with only changes to k and p affecting the value of
71 (cf. Equation (17)). Fig. 4b, as expected from Equation (20), shows
that only changes to b would impact the value of 5. Fig. 4c provides
valuable information regarding k, the internal transfer rate of NoV from
the cryptic compartment to the observable compartment. Other than the
regression value of k previously derived from data ((Neish, 2013)), no
other estimations of this parameter exist. Observing that varying
0.07453 + 1/3 makes minimal difference to the value of 13 provides our
model with a viable estimation of k; however, we need to check the
behaviour of k for values outside this range.

Fig. 5a shows the sensitivity of T3 to changes in b and k across the
range (0,1]. We earlier discussed whether the feasibility of b > k is
biologically relevant, and therefore only the top left triangle of both
figures (values above the b = k line) applies. When either of b, k — 0, it is
seen that T3 — oo, and when both b, k — 1 we see 13 — 0.

Fig. 5b, shows the behaviour of T3 — 7y, i.e., the additional minimum
depuration time required when the cryptic NoV loads are taken into
account (A = 0.461). Fig. 5a has a minimum at (0.5, 0.5); however,
Fig. 5b shows a minimum at (~0.35, 0.5). Why this occurs is beyond the
remit of this paper as our focus is on the modelling of NoV likely
sequestered in cryptic compartments; however, we invite the reader to
investigate why this minimum occurs in this space.

Industry stakeholders have little or no control over the internal
transfer parameter k; its value is a consequence of the biology of the
oysters being depurated and possibly the temperature and flow rate of
the water during depuration. The value we have obtained by regression
from the Neish data (k = 0.07453) is highlighted in Fig. 5b, along with
the depuration decay rate obtained from literature (b = 0.01339). Where
these lines cross in Fig. 5b show that a minimum depuration time of
approximately 100 h would be required to satisfy the control parameter
values of ¥ = 200 NoV cpg and ¢ = 0.95. Both values of b and k would
need to be significantly increased to reduce depuration times although,
as a minimum of 42 h in depuration is currently required by law, they
would only need to be increased by a small factor.

3.4. MDT comparison between models

Fig. 4c showed that varying parameters A, b and k impact 3, the
MDT of the compartmental model, with changes to the depuration decay
rate b causing the largest change in the magnitude of t3. Fig. 6a and
Table 2a highlight how salient times are affected by increasing the value
of A, decaying from 1 = 757 h when A = 0, to 226 h when A = 1.

Comparing the sensitivity of T3 to changes in k (cf. Fig. 6b, Table 2b)
to that observed in Fig. 6¢ and Table 2¢, we see that factoring down the
decay rates of our base values for k* = 0.07453 and b* = 0.01339 has
markedly different impacts on the t3 — 15 values. However, this is only a
consequence of the gradients of the MDTs at the locations of k* and b*,
where b~ is located at a steeper location than k*. We also observed that
the depuration model decays more quickly than the compartmental
model, a consequence of the inclusion of the cryptic NoV compartment
in that model, and that the change in the MDT 15 is inversely propor-
tional to the change in the depuration decay rate b.

4. Discussion and conclusions

The compartmental model described here extends the authors’
exponential depuration model, as detailed in (McMenemy et al., 2018),
that describes the dynamics of NoV in shellfish populations. That dep-
uration model has been extended by an assumption of internal seques-
tration of pathogens within individual oysters, splitting the pathogen
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load into cryptic and observable compartments. This approach has been
undertaken based on evidence in the literature that shows that NoV
loads are not solely located in the digestive gland but are found
distributed throughout each animal’s anatomy. Parameterization of the
compartmental model has been based in part on values from the depu-
ration model from McMenemy et al. (2018), as well as reasonable esti-
mates for k and A from regression techniques applied to the Neish data
(Neish, 2013), and that the value of p should be < 1. The value of the
internal transfer rate k stated in Table 1 must conform to b < k for
biological reasons, and is due to the fact that, if b > k, then the digestive
gland (compartment x; in the compartmental model) would not be the
primary initial repository of NoV, which is contrary to literature findings
(Doré and Lees, 1995; Wang et al., 2008). The sensitivity analysis carried
out here showed that the impact of k upon any of the salient times 7; is
very limited, inducing only small variation in the values of 7, T3 and 3.
This is significant to our methodology here as, in the absence of being
able to obtain reliable estimates of k, we have had to rely upon indirect
methods to derive a parameter value for k, and any inaccuracies in our
estimate of k would only result in small changes to the model’s results.

The use of only one cryptic and one observable compartment of NoV, as
well as a constant value of k, could be superseded if future longitudinal,
empirical studies could quantify NoV levels within more distinct tracts
of the oyster’s physiology.

The significant outcome of this model is the increase in the length of
the MDT required due to inclusion of an initial cryptic load. This in-
crease in MDT due to compartmentalisation of NoV away from the
observable, quantifiable load, represented by (t3 — 7T2) in our model, is
shown to be most responsive to changes in the value of A, the proportion
of initial NoV loads which are observable to current testing practices.
Fig. 4 shows that, for low values of A, MDTs of t3 are much greater than
those of 15 (the MDT assuming no cryptic NoV loads at pre-depuration).
Only as A — 1 do we observe the MDTs of the total NoV load approach
the MDT using the exponential model (cf. Table 2a). Further studies are
required to validate our modelling of NoV compartmentalisation in
oysters similar to that of the Neish study (Neish, 2013), ideally with
more replicates per time sample and more time points sampled. This
would provide finer granularity of the data across time, and more
samples would allow more precision in aggregating each time point’s
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data.

Not only does this compartmental model show that internal NoV
compartmentalisation should be considered, but it also indicates that the
timing of pathogen detection testing should also be considered with
respect to the levels of potential pathogens in the local water of the
harvested shellfish. At present there is no pathogen testing during or

after depuration; testing is done at periods throughout the year to
classify the water and determine whether depuration is needed. There-
fore, under many circumstances, current depuration times are unlikely
to be long enough to reduce total NoV loads to reasonable levels, and the
additional insight from this study suggests that these need to be longer
than were previously estimated in (McMenemy et al., 2018) due to the
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Table 2

Impact upon salient times 1, (cryptic NoV load is approx. zero), T, (MDT of
exponential model) and T3 (MDT of compartmental model) when: 2a) the initial
observable proportion of NoV load, A, is varied; 2b) the internal transfer rate, k,
is varied; and 2c) the depuration decay rate, b, is varied.

(a) Salient times when varying A, the proportion of initial observable NoV load

A 0.5 0.7 0.8 0.9 1.0
T1 62 62 62 62 62
T 226 226 226 226 226 226
T3 285 270 257 246 235 226
T3 — T2 59 31 20 9 0

(b) Salient times when internal transfer rate, k, is varied (k = 0.07453)

k 0.1k 0.25k 0.5k k 2k 3k
T 618 247 124 62 31 21
T2 226 226 226 226 226 226
T3 535 341 303 292 288 286
T3 — Ty 309 115 77 66 62 60

(c) Salient times when depuration decay rate, b, is varied (b = 0.01339)

b 0.1b 0.25b 0.5b b 2b 3b
T 62 62 62 62 62 62
T 2259 903 452 226 113 75
T3 2844 1142 575 292 152 106
T3 — Ty 585 239 123 66 39 31

cryptic levels. However, further validation of our model and associated
assumptions would be required before any testing recommendations
were to be made to legislators and industry stakeholders.

If protocols, similar to those for the mitigation of E. coli, were to be
introduced to mitigate NoV levels within shellfish, then the timing of
sample testing for NoV would be vital. Based on this model’s results, pre-

A Appendix
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depuration testing would not detect any cryptic NoV loads present;
therefore, either during or post-depuration NoV testing would be
optimal for the detection of total NoV loads present. The results here
show that it would take approximately 62 h for any cryptic NoV loads to
dissipate (cf. Table 2); therefore, any during or post-depuration NoV
testing should be undertaken after this time point in the depuration
process.
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The first order, homogeneous equations describing NoV compartmentalisation allow analytic solutions to be obtained for Equations (1) and (2) and
2. Firstly, using separation of variables and x¢ = Az, an analytical solution for the unobservable compartment y; is obtained:

1-A
= xoexp{—kt}.

(22)

Substituting Equation (22) into Equation (1) then applying an integrating factor (of exp{bt}) allows an analytical solution for x; to be obtained

where
X =X O,
[k (1=A4) (Ab —k)
= A _ _
C) =0 exp{ — kt} + ) exp{ — bt} |,

and 0<A<1, b # k.

(23)

(24)

If k < b, there would be no accumulation of NoV in x;, which is contrary to literature findings that state NoV selectively binds and aggregates within
the digestive gland of molluscs (x;) (Le Guyader et al., 2006; Ueki et al., 2007; Anonymous, 2012). Therefore, we are restricted to applying b < k to

describe the internal transfer of NoV from y; into x; compartment.

An analytical solution for the total NoV load in an oyster (2, is also obtained by substituting the equations describing x; and y; (Equations (22)-

(24)) into 2; = x; + y; and simplifying to obtain

2 =20 &,
where
b(1-A) (Ab—k)
Q, = |—exp{ —kt} + ——exp{ — bt
B Appendix

(25)

(26)

Neish conducted research in 2013 to determine whether variations in depuration water temperature and/or water treatment would have a
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significant impact upon the decay rate of NoV in shellfish (Neish, 2013). The study compared the effectiveness of depuration water temperatures of
8 °C versus 16 °C, and ultraviolet radiation versus ozone as disinfectants of depuration tank water. Fig. 7 shows the data from one of the experiments
carried out using ultraviolet radiation water treatment and tank water with a temperature of 16 °C.
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Fig. 7. Plot of during depuration dataset with water temperature of 16 °C. Four homogenates, each comprised of ten oysters, were tested for genotype II NoV loads at
t =0, 42, 90, 162, 210, 258, 330 h and are shown on the plot as black points. Red points indicate geometric mean of each time point’s data

The data showed that depuration water temperature of 16 °C was statistically more effective than water at 8 °C, although still only showed a slight
improvement in NoV levels after 330 h. The study also noted that ozone did not significantly improve NoV mitigation compared with the use of
ultraviolet irradiation. Neish’s data were obtained by PCR assay of four sets of 10-mollusc homogenates of Magellana gigas, at seven time points across
a period of depuration. The first time point was a pre-depuration measure, with the second NoV sample taken after 42 h - the minimum depuration
time required by regulation for class B harvested shellfish. Further samples were taken at 90, 162, 210, 258 and 330 respectively, and PCR assay was
carried out on all samples.

Fig. 7 shows that an increase in the geometric means of NoV levels between 0 and 42 h was recorded by the study for the 16 °C data. This increase
can be attributed to an internal transfer of NoV load from a compartment of the oyster, that currently cannot be assayed, into the digestive glands of
the oyster, the only section of the oyster which is currently tested by PCR.
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