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ABSTRACT Quantitative microbial risk assessment (QMRA) identifies human en-
teric viruses in municipal wastewater as the pathogen group requiring the high-
est log reductions for various reuse applications. However, the performance of
methods for estimating virus concentration is not well understood, and without
performance assessment, actual risks are likely severely underestimated. To eval-
uate the efficiency of virus recovery from water, a water sample is often spiked
with “known” amounts of virus, and the virus is then recovered after a series of
analytical procedures. Yet for water matrices such as wastewater, due to the un-
known background concentrations of targeted viruses in the matrix and the vari-
able recovery efficiency between individual processes, only an approximation of
the recovery efficiency may be obtained from such spike-and-recovery experi-
ments. In this study, we demonstrated theoretically that for two widely used ap-
proximations, the error in estimating virus recovery should be less than the ratio
of the amount of target virus in the background sample to that in the spike. Fur-
thermore, we developed an applicable method, based on this new understanding, for
deciding on the amount of virus for spiking before conducting a spike-and-recovery ex-
periment, so that the approximation error is restricted to an acceptable level for each in-
dividual process. Finally, we applied the method to a set of experimental data for viruses
in wastewater, demonstrating its utility and noting its general applicability to other
pathogens or water matrices.

IMPORTANCE The performance of procedures for pathogen log reduction is at the

heart of new risk-based guidance/regulation globally, yet the methods for undertak-

ing assessments of pathogen recovery are not standardized despite their fundamen-

tal impacts on assessing log reductions. Here we describe the level of spiking

agent(s) that is necessary to correctly assess spiked pathogen/surrogate recovery

with whatever method is deployed. The significance of our research lies in identify- ;ﬁi:;:ig;j;:eengg ?OL’CéfreizlytaN;jiw'
ing the importance of the amount of spiking agents for reducing uncertainty in re- enteric virus recovery in water matrices. Appl
covery estimates, which will allow the development of a recommendation for spik- Environ Microbiol 85:¢00111-19. https://doi

ing experiments, proactively applying this understanding. ;;?tgfl;;ii‘/jic/'sg;flnz e The S
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any other microbial group (10) and the highest log reductions for safe reuse (11). For
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example, analytical procedures for estimating infectious enteric virus concentrations
may involve sample filtration, elution, concentration, culture, and quantitative PCR
(gPCR) (10), and each step is known to cause inevitable loss of target viruses (9). The
fraction of targeted virus in a water sample that is captured after the procedures is
termed recovery efficiency or, more commonly, method recovery. Quantitative evalu-
ation of method recovery is required to correct virus enumeration data for the fraction
that is lost when one is using health-based, quantitative microbial risk assessment
(QMRA)-derived log reduction targets (11-13).

When it is deemed necessary to use a spiked virus (14), known amounts of
virions or viral genomic copies are added to a water sample, and recovery is then
estimated by the difference in counts before and after processing of the water. The
selection of spike material for a target virus has been discussed previously in the
context of evaluating pathogen elimination in water treatment systems (14). In
summary, lab-grown pure virus cultures are the least desirable, while viruses
isolated from matrix water and propagated in vitro, or concentrated from matrix
water, are preferred, because they are more likely to provide genetically and
physiologically diverse populations that are representative of indigenous environ-
mental strains (14). For the evaluation of method recovery as well, it is preferred
that the spike material closely resemble the genetic and physiological variability of
the indigenous target(s).

To avoid matrix effect complications, a control, target-free water sample is often
included for spiking and measurement of method recovery. Under these circumstances,
the method recovery for the target virus can be easily evaluated as the ratio of
recovered to spiked viruses. However, water matrix effects are also important to
address, since the physiochemical (e.g., temperature, pH, nutrients, and sorption to
solids) and biological (predation by free-living protozoa and metazoa and enzymatic
decomposition) factors of matrix water affect the amount of the target microorganism
remaining in the water (15, 16). Thus, for greater relevance for performance-based log
reduction assessments, matrix water is typically spiked with target microbes (14).
Hence, our aim is to discuss, not the choice of spiked microbe, but rather how to
evaluate the recovery of the target group with which the water matrix of interest has
been spiked.

The main concern here is that the matrix water may also bring with it the target
group of interest, which introduces an unknown and variable quantity into the recovery
calculation. Furthermore, the variability in recovery efficiency between individual water
processes makes it difficult to assess the recovered background target viruses by
processing duplicated samples. Together, these factors make the calculation of recov-
ery uncertain.

While spiking is not a new concept for method recovery related to enteric viral,
bacterial, and protozoan pathogens and their surrogates (14), there is still no standard
for how much spike control is needed. High titers of the selected spike material must
be included in order to provide concentrations that are high enough to enable the
evaluation of method recovery; however, it is unclear whether elevated or reduced
recovery may result from too high a spiking dose. Therefore, the aims of this paper were
to describe an optimum spike dose that is enough for assessing microbial method
recoveries without risking artifacts in recovery estimates and to illustrate the approach
with human enteric virus spiking of municipal wastewater.

RESULTS

Theoretical analysis. Regardless of the spike material, it is imperative that the target
in the spike be quantified (the virus count is quantified by the same method—either a
molecular, culture, or mixed method—throughout the experiment) prior to inoculation.
The target spike is then mixed with related microbes present in the matrix water sample,
and the target is (partially) recovered with a certain recovery efficiency. A typical spike-
and-recovery experiment for viruses is diagramed in Fig. 1.
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FIG 1 Diagram of a typical spike-and-recovery experiment for the evaluation of virus recovery in a water
matrix.

By definition, the overall recovery efficiency (r) is expressed as follows:

c
a+b

r= (0=r=1) (1)

where a is the virus count in the spike, b is the indigenous virus count in the matrix
water, and c is the virus count that is recovered and quantified.

Since the virus count in the matrix water sample (b) is unknown, it is challengeable
to calculate the exact recovery efficiency from an individual sample, but approxima-
tions can be obtained using the following two widely used approaches.

(i) Approximation I. When the virus count in a matrix water sample (b) (e.g.,
wastewater, surface water, etc.) is very low compared to the virus count in the spike (a),
i.e, b/a =~ 0, it follows that

(4

(2)

F=
a
Then 7 in equation 2 is a good approximation of the recovery efficiency r in equation
1. In practice, the virus count in the spike (a) is controllable. In order to keep the
condition for equation 2 (i.e., b/a =~ 0) valid, we are able to adjust the spike dose (a)
based on the background virus count in the matrix water sample (b). Furthermore, we
need to understand how b/a relates to the error of approximation of recovery efficiency
7 — r so that we will be able to determine how close b/a should be to zero in order to
keep the error in the approximated recovery efficiency acceptable (for example, <1%,
<2.5, or <5%), a level that is chosen subjectively.
To discuss the error of approximation |, let

_4
b

Then the error of the approximated recovery efficiency can be expressed as

L cb _b c _r
TSy aavh &

k=—(b>0)

Since 0 = r = 1, it follows that

O=f—r=

| =

so recovery can be described in equation 3 as follows:

F—o-=r=7 (3)

=
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Therefore, using 7 to approximate recovery efficiency r, the true recovery efficiency r will
be overestimated, and the maximum error is less than 1/k.

(ii) Approximation Il. When there is no variation presented in recovery efficiencies
across individual samples, a duplicate sample collected at the same time could be used
jointly to estimate the mean recovery. Suppose that d virus particles are recovered from
the duplicate sample without spiking, which has the same background virus count b as
the spiked sample, it follows that the recovery efficiency for the duplicate sample
without spiking (r') is

r'=— (4)

and its value should be the same as r defined for the sample with spiking in equation
1, i.e., r' = r. Combining equation 1 and equation 4, we could get equation 5.

c—d
r=r'= (5)

However, it is known that virus recovery can differ considerably across samples (9); thus,
the condition for equation 5, i.e., r' = r, is unlikely to be valid under most circumstances.
For general circumstances, taking

as an approximation of the recovery efficiency r in equation 1 will introduce an
approximation error. We will discuss how b/a relates to the error of approximation of
recovery efficiency 7' — r as follows in approximation II.

For approximation Il, following the above approach:

. {a-i—b(c—d)—ac
PR

T a(a + b)

be d

“darh)

b b

=—r——r
a a

It follows that

IR ki S
= =
Since0 =r=1and 0 = 7' = 1, we derive equation 6, which demonstrates that the error
of approximation Il is between -1/k and 1/k.
1 1

17'_%57‘57"“% (6)

The relationship between the approximation error and the ratio of the target (virus)
count in the spike to that in the background matrix water sample is presented in Fig. 2.

For a matrix water sample with unknown true recovery efficiency, using either
approximation | or approximation Il, the approximation errors in the worst-case sce-
narios are represented by blue lines in Fig. 2. When the ratio of the microbial target
count in the spike to that in the background water sample (k) is large, the approxima-
tion error can be neglected for either approximation | or approximation Il. Based on this
understanding, for a predetermined error level o (for example, 5%), one can spike the
matrix water sample with an appropriate microbial target (e.g., virus) count so that the
maximum error term 1/k is less than o, or k > 1/a, for which approximations | and Il
both provide acceptable approximations of the true recovery efficiency.
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FIG 2 Approximation error in relation to the ratio of the microbial target count in the spike to that in the
background sample. (A) Approximation I; (B) approximation II.

To keep k > 1/0 so that the error in the approximated recovery efficiency is less than
the predetermined error level o, it is required that

b
a>— (7)
o

In practice, however, the spike-in microbial target count (a) cannot be determined
directly based on the choice of k, because the microbial target count in the background
water sample (b) is unknown. Some extra information needs to be collected prior to the
spike-and-recovery experiment so that the background virus count b can be evaluated
approximately. Specifically, the following procedure is recommended in order to
choose the spike-in microbial target count (a).

(i) Collect n replicate samples (@ minimum of two replicates is recommended
considering the difference in the background virus count expected between replicates),
and then process the water in the same way as the test sample, except without a spike
step. It is assumed that the replicates have the same background target concentration.
We term the maximum recovered target amount d°, and we term its corresponding
unknown background target count and unknown recovery efficiency b° and r°, respec-
tively. When n is large, it is most likely that d°® corresponds to the sample with both the
largest background target count and the highest recovery efficiency considering the
variation of replicate samples and the variation of recoveries.

(i) Obtain the lowest recovery efficiency observed for a cleaner water matrix as an
approximation for the recovery efficiency (for example, virus recovery values obtained
from spike-and-recovery experiments for pure water). It is likely that the recovery for
pure water is higher than that for other water matrices, so we treat the minimum
recovery efficiency for pure water as an approximation of r in equation 1.

Since the replicate samples have the same background target concentration, b° =
do/r° is the most likely higher and closest approximation of b, based on the available
information.

It is worth noting that the aim here is to obtain the best spiking dose a. Since b/o
is the lowest that a can go to ensure that the recovery estimation is valid (equation 7),
choosing a larger approximation of b in the calculation would result in a larger spiking
dose than the lowest value of a but would still fulfill the requirement. It is also the
lowest value of a that is above its unknown lowest value and a value we are confident
in working with. Therefore, the minimum dose of the microbial target count required
for spike-in is approximated as d°/o r°.
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Application of spiking approaches to estimation of the recovery of human
enteric viruses. The spike-and-recovery requirement of the minimum value of a/d® to
deliver an approximation error of 5% for approximations | and Il (equations 3 and 5,
respectively) is shown in Table 1. For the human enteric virus data presented in Table
1, all samples analyzed were above the limit of detection (LOD) of 1 virus/sample
volume, except for reovirus in unspiked samples (24/25 and 13/14 samples for waste-
water treatment plant 1 [WTP1] and WTP2 were below the LOD, respectively, and half
the LOD was substituted.)

DISCUSSION

As expected, when the results in Table 1 are compared with those presented in a
previous publication (17), the wastewater matrix has a lower virus recovery efficiency in
general than that obtained by spiking pure water (for norovirus Gll, 32% to 69%; for
adenovirus 41, 20% to 52%; and for an enterovirus [coxsackievirus B], 32% to 69%).
Another important consideration is the LOD for viruses, which is relevant to the
interpretation of nondetects. When the virus concentration in the wastewater is low,
i.e., when the virus count in the matrix water sample (d) might be under the LOD, the
a/d® ratio could be calculated using the LOD as a conservative estimate of d°.

Although approximations | and Il both gave acceptable approximations of recovery
efficiency when the spike-in virus count fulfilled the condition for equation 5, we can
choose between approximations | and Il if we have more information about the
distribution range of the recovery efficiency. For example, for viruses, we could assume
that the recovery efficiency itself is highly variable (9); hence, approximation | would be
preferable to approximation Il. However, when the recovery efficiency itself is large but
spans only a small range of values, it is better to choose approximation Il over
approximation |.

In practice, it is desirable to determine recovery with each water sample; however,
this might be costly and laborious, depending on the detection method. When it is
impractical to have a replicate for every sample (for example, in monitoring programs
with time series of samples), it would be acceptable to collect duplicate samples only
at selected times with high virus loadings for the same water source, assuming that
some information on likely times of higher virus loadings is available. The highest
recovered background virus count among all duplicate samples should then be used
(as d°) for calculating the preferred spiking dose. This simple approach will result only
in a higher value of the spiking dose and is not likely to alter the estimation for recovery
efficiency.

We discussed the appropriate spiking dose for spike-and-recovery experiments,
focusing on viruses. But the principles are generally true for method recovery for any
pathogen or microbial surrogate, and for all other water matrices, such as river water,
storm water, etc.

MATERIALS AND METHODS

The methods described in this paper for determining the target microbe count in the spike were
applied to a set of human enteric virus recovery data for municipal wastewater treatment plant (WTP)

TABLE 1 Spike-in requirement for the Calgary enteric virus wastewater study?

No. of samples

0
excluded/total Mean (SD) recovery results (%)

Minimum of a/d® no. Approximation | Approximation Il
Virus r° (%) for an error of <5% WTP1 WTP2 WTP1 WTP2 WTP1 WTP2
Norovirus Gll 32 62.6 22/32 21/21 10.4 (6.0) NDe 10.2 (5.9) ND
Adenovirus 20 100 4/32 9/21 13.7 (14.4) 11.5 (5.4) 13.5 (14.5) 11.2 (5.4)
Enterovirus 32 62.6 2/32 13/21 21.5 (6.6) 31.9 (4.8) 21.0 (6.6) 31.1 (4.9)
Reovirus 1¢ 2,000 0/25 0/14 18.9 (15.5) 19.1 (11.8) 18.9 (15.5) 19.0 (11.8)
aMinimum reference recovery (17); data from reference 18.
®ND, no data.

<Since no data were available, 1% was assumed.
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performance. In brief, wastewater samples subjected to secondary treatment were collected in duplicate
at the pre-UV disinfection site from two WTPs in Calgary, Canada (18). A spiking mix consisting of four
viruses (norovirus Gll, human adenovirus 2/4, reovirus 2, and an enterovirus, coxsackievirus B [derived
from human stool, human stool, wastewater, and cell culture, respectivelyl), was used to assess virus
recoveries. One of the duplicate samples was spiked with 1 ml of the virus mixture. Then all samples were
processed similarly by concentration, viral nucleic acid extraction, and gPCR to estimate total virus
concentrations. Finally, the same aliquot of the virus mixture (1 ml) was added to 14 ml of deionized
water as a baseline control, which was tested in parallel with the concentrated spiked water samples
using qPCR. A detailed description of sample collection and processing has been given previously (18).

The spike-in virus count was determined based on estimation of the count in pure water; therefore,

we are not sure whether the spike-in virus count is enough for a reliable approximation of the recovery
efficiency based on equation 5, which could be expressed as follows:

a - 1
& o’

(8)

The minimum requirement for a/d° to deliver an approximation error of 5% was calculated based on
equation 8. Then for each set of duplicate samples, we calculate the ratio a°/d°, where a° is the qPCR
results of the spike and d° is the qPCR results of the duplicate sample without spiking. As a result,
duplicate samples that did not have an a®/d° ratio above the threshold value were excluded from the
recovery efficiency calculation.

ACKNOWLEDGMENTS

Institute of Health Research.

REFERENCES

1.

June 2019 Volume 85

Standards Council of Canada. 2018. Rainwater harvesting systems, p 93.
National Standard of Canada CSA B805-18/ICC 805-2018. Standards
Council of Canada, Toronto, Ontario, Canada.

. State of California. 2016. Investigation on the feasibility of developing

uniform water recycling criteria for direct potable reuse. Report to the
Legislature, in compliance with Water Code section 13563. California
Environmental Protection Agency, State Water Resources Control Board,
Sacramento, CA.

. Sharvelle S, Ashbolt N, Clerico E, Hultquist R, Leverenz HL, Olivieri A.

2017. A risk based framework for the development of public health
guidance for decentralized nonpotable water systems, p 118. WERF
project no. SIWM10C15. National Water Research Institute, Water Envi-
ronment and Reuse Foundation, Alexandria, VA.

. State of California. 2018. Senate Bill no. 966, Chapter 890. An act to add

Article 8 (commencing with Section 13558) to Chapter 7 of Division 7 of
the Water Code, relating to water quality. Legislative Counsel’s Digest.
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=2017
20180SB966.

. Hill VR, Kahler AM, Jothikumar N, Johnson TB, Hahn D, Cromeans TL. 2007.

Multistate evaluation of an ultrafiltration-based procedure for simultaneous
recovery of enteric microbes in 100-liter tap water samples. Appl Environ
Microbiol 73:4218-4225. https://doi.org/10.1128/AEM.02713-06.

. McMinn BR, Ashbolt NJ, Korajkic A. 2017. Bacteriophages as indicators of

faecal pollution and enteric virus removal. Lett Appl Microbiol 65:11-26.
https://doi.org/10.1111/lam.12736.

. McMinn BR, Rhodes ER, Huff EM, Wanjugi P, Ware MM, Nappier SP, Cyterski

M, Shanks OC, Oshima K, Korajkic A. 2018. Comparison of somatic and F+*
coliphage enumeration methods with large volume surface water samples.
J Virol Methods 261:63-66. https://doi.org/10.1016/j,jviromet.2018.08.007.

. Petterson SR, Signor RS, Ashbolt NJ. 2007. Incorporating method recov-

ery uncertainties in stochastic estimates of raw water protozoan con-
centrations for QVIRA. J Water Health 5(Suppl 1):51-65. https://doi.org/
10.2166/wh.2007.142.

. Petterson S, Grondahl-Rosado R, Nilsen V, Myrmel M, Robertson LJ. 2015.

Variability in the recovery of a virus concentration procedure in water:
implications for QMRA. Water Res 87:79-86. https://doi.org/10.1016/j
.watres.2015.09.006.

Issue 12 e00111-19

10.

We acknowledge the funding support of Alberta Innovates and the Canadian

We thank the City of Calgary and the Alberta Provincial Laboratory for the virus data.

EPA. 2012. Method 1615. Measurement of enterovirus and norovirus
occurrence in water by culture and RT-qPCR. Version 1.1 (EPA/600/R-10/
181, revised January 2012). National Exposure Research Laboratory,
Office of Research and Development, U.S. Environmental Protection
Agency, Cincinnati, OH.

. Schoen ME, Ashbolt NJ, Jahne MA, Garland J. 2017. Risk-based enteric

pathogen reduction targets for non-potable and direct potable use of
roof runoff, stormwater, greywater, and wastewater. Microb Risk Anal
5:32-43. https://doi.org/10.1016/j.mran.2017.01.002.

. EPA. 2003. Long term 2 enhanced surface water treatment rule, p 333.

Toolbox Guidance Manual (EPA 815-D-03-009). Office of Water, U.S.
Environmental Protection Agency, Washington, DC.

. Schoen M, Jahne M, Garland J. 2018. Human health impact of cross-

connections in non-potable reuse systems. Water 10:1352. https://doi
.0rg/10.3390/w10101352.

. Zimmerman BD, Korajkic A, Brinkman NE, Grimm AC, Ashbolt NJ, Gar-

land JL. 2016. A spike cocktail approach to improve microbial perfor-
mance monitoring for water reuse. Water Environ Res 88:824-837.
https://doi.org/10.2175/106143016X14609975747522.

. Atanasova ND, Dey R, Scott C, Li Q, Pang XL, Ashbolt NJ. 2018. Persis-

tence of infectious enterovirus within free-living amoebae—a novel
waterborne risk pathway? Water Res 144:204-214. https://doi.org/10
.1016/j.watres.2018.07.023.

. Korajkic A, McMinn BR, Ashbolt NJ, Sivaganesan M, Harwood VJ,

Shanks OC. 2019. Extended persistence of general and cattle-
associated fecal indicators in marine and freshwater environment.
Sci Total Environ 650:1292-1302. https://doi.org/10.1016/j.scitotenv
.2018.09.108.

. Pang XL, Lee BE, Pabbaraju K, Gabos S, Craik S, Payment P, Neumann N.

2012. Pre-analytical and analytical procedures for the detection of en-
teric viruses and enterovirus in water samples. J Virol Methods 184:
77-83. https://doi.org/10.1016/j.jviromet.2012.05.014.

. QiuY, Li Q, Lee BE, Ruecker NJ, Neumann NF, Ashbolt NJ, Pang XL. 2018.

UV inactivation of human infectious viruses at two full-scale wastewater
treatment plants in Canada. Water Res 147:73-81. https://doi.org/10
.1016/j.watres.2018.09.057.

aem.asm.org 7


https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180SB966
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180SB966
https://doi.org/10.1128/AEM.02713-06
https://doi.org/10.1111/lam.12736
https://doi.org/10.1016/j.jviromet.2018.08.007
https://doi.org/10.2166/wh.2007.142
https://doi.org/10.2166/wh.2007.142
https://doi.org/10.1016/j.watres.2015.09.006
https://doi.org/10.1016/j.watres.2015.09.006
https://doi.org/10.1016/j.mran.2017.01.002
https://doi.org/10.3390/w10101352
https://doi.org/10.3390/w10101352
https://doi.org/10.2175/106143016X14609975747522
https://doi.org/10.1016/j.watres.2018.07.023
https://doi.org/10.1016/j.watres.2018.07.023
https://doi.org/10.1016/j.scitotenv.2018.09.108
https://doi.org/10.1016/j.scitotenv.2018.09.108
https://doi.org/10.1016/j.jviromet.2012.05.014
https://doi.org/10.1016/j.watres.2018.09.057
https://doi.org/10.1016/j.watres.2018.09.057
https://aem.asm.org

	RESULTS
	Theoretical analysis. 
	(i) Approximation I. 
	(ii) Approximation II. 
	Application of spiking approaches to estimation of the recovery of human enteric viruses. 

	DISCUSSION
	MATERIALS AND METHODS
	ACKNOWLEDGMENTS
	REFERENCES

