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Use of non-linear mixed-effects modelling and regression
analysis to predict the number of somatic coliphages
by plaque enumeration after 3 hours of incubation
Javier Mendez, Antonio Monleon-Getino, Juan Jofre
and Francisco Lucena

ABSTRACT
The present study aimed to establish the kinetics of the appearance of coliphage plaques using the
double agar layer titration technique to evaluate the feasibility of using traditional coliphage plaque
forming unit (PFU) enumeration as a rapid quantiﬁcation method. Repeated measurements of the
appearance of plaques of coliphages titrated according to ISO 10705-2 at different times were
analysed using non-linear mixed-effects regression to determine the most suitable model of their
appearance kinetics. Although this model is adequate, to simplify its applicability two linear models
were developed to predict the numbers of coliphages reliably, using the PFU counts as determined
by the ISO after only 3 hours of incubation. One linear model, when the number of plaques detected
was between 4 and 26 PFU after 3 hours, had a linear ﬁt of: (1.48 × Counts3 h þ 1.97); and the other,
values >26 PFU, had a ﬁt of (1.18 × Counts3 h þ 2.95). If the number of plaques detected was <4 PFU
after 3 hours, we recommend incubation for (18 ± 3) hours. The study indicates that the traditional
coliphage plating technique has a reasonable potential to provide results in a single working day
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without the need to invest in additional laboratory equipment.
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ABBREVIATIONS
NLME non-linear mixed-effects model

particularly for drinking, should be monitored. This ideal

AIC

Akaike’s information criterion

is, nevertheless, not realistic for a number of practical and

BIC

Schwarz’s Bayesian information criterion

economic reasons. The main procedural problems are due
to low numbers, unequal distributions through the year
and, frequently, extremely complex methods; the economic

INTRODUCTION

drawbacks are the need for expensive reagents, sophisticated equipment and expertise. To overcome these

The transmission of water-borne diseases is still a matter of

problems, the use of indicator organisms that are readily

major concern, despite worldwide efforts and the modern

detected (indexes) has been widely adopted to assess

technology used for sanitation and the production of safe

either the microbiological quality of water (drinking water,

drinking water (WHO ). To protect humans against

source water, bathing water, reclaimed water, etc.) or the

possible water-borne diseases, ideally the occurrence

performance of water treatment processes (Ashbolt et al.

and levels of all pathogens in waters for different uses,

). At present, the most commonly used indicator
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microorganisms are bacteria (coliform bacteria, faecal coli-

β-glucuronidase for E. coli can be shortened by using spec-

form bacteria, Escherichia coli, enterococci, and spores of

troﬂuorometry, indirect impedance or liquid scintillation

sulphite reducing clostridia). In addition, bacteriophages

spectroscopy. However, all of these methods have poor sen-

are increasingly being included in some control pro-

sitivity for the ranges of values required in water analysis

grammes.

bacteriophages,

and need sophisticated apparatus not commonly available

including somatic coliphages, have been suggested as indi-

in standard laboratories, which are serious drawbacks for

cator microorganisms for use in the assessment of faecal

these methods (Reasoner & Geldreich ; Colquhoun

contamination of water (IAWPRC ; Armon & Kott

et al. ; Park et al. ).

Indeed,

several

groups

of

; Grabow ; Lucena & Jofre ) and food (Hsu
et al. ; Pillai ).

Meanwhile, molecular techniques such as real-time
q-PCR allow the time needed to obtain results to be shorted

Somatic coliphages are those phages that replicate in

and, at the same time, low amounts of contaminants to be

E. coli after infecting it through the cell wall (Kott et al.

detected. However, positive detection by these nucleic

; IAWPRC ) and they are not only valuable indexes

acid ampliﬁcation methods are no assurance of infectivity

of faecal pollution, but also indicators of the behaviour and

(Sobsey et al. ; Gassilloud et al. ; Jofre & Blanch

survival of human viruses with which they share many basic

), and infectivity is essential for determining the risk

features. They have gradually been added to water quality

associated with the presence of infectious microbes

guidelines, such as the Ground Water Rule (USEPA ),

and for monitoring treatment processes totally or partially

the indications for the quality of drinking water in the Cana-

based on disinfection.

dian state of Québec (Anonymous ), those for reclaimed

Regarding somatic coliphages, the ISO standard method

water in Queensland, Australia (Anonymous ) and

(ISO ) for detecting plaque forming units (PFUs) estab-

reclaimed water in some American states (USEPA ).

lishes 18 hours as the optimal incubation time, but it

Standardised methods for detecting and quantifying this

considers the possibility of counting PFUs after 6 hours.

group of phages have been established and are at present

Here, we present data to compare the counts after different

available (ISO ; USEPA a, b). The ISO and

times of incubation and report a mathematical approach

USEPA standard methods are very similar and provide iden-

based on non-linear mixed-effects (NLME) modelling and

tical counts of somatic coliphages (Guzmán et al. ).

regression analysis that provides a reliable prediction of

However, whether testing for pathogens or for tra-

the results in 3 hours, providing the same information

ditional indicator organisms, there is a common need for

as the standard method regarding both numbers and

rapid analysis either to monitor the performance of treat-

viability.

ment processes in order to adjust them when necessary, or
to determine the microbiological quality of water available
for consumers, either for drinking, bathing, irrigation or

MATERIALS AND METHODS

recharging aquifers. Too often, the results of testing are
not available until long after the water has been used. There-

Samples, sampling and sampling sites

fore, there is a need for methods with reduced response
times that provide data in the shortest possible time. At pre-

River water

sent, the fastest standardised methods provide results in
18–24 hours, particularly when low numbers of bacterial

Ten river samples were obtained from the rivers Llobregat

indicators are present in the sample, as is the case of

and Ter (NE Spain), collected in sterile 1,000 mL polyethy-

samples that need microbiological analysis (Venter et al.

lene containers, transported to the laboratory within

; APHA ). Some indirect methods with reduced

6 hours of collection and stored at (5 ± 3) C (maximum sto-

response times have been reported for the detection of

rage time: overnight) until they were used. The samples were

E. coli. Moreover, the detection of speciﬁc enzyme activities

titrated undiluted and diluted 1:10. The 1:10 dilutions were

such as β-galactosidase for total coliform bacteria or

prepared as indicated in the ISO standard using peptone
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saline solution. From each sample, ﬁve replicates of 1 mL

concentrations of 60 to 200 PFU/mL of each of the phage

aliquots were titrated.

groups. After that, glycerol was added to a ﬁnal concentration of 10% (v/v) and the phage suspensions were

Raw municipal wastewater

distributed into 10 mL volumes, in polypropylene tubes
and frozen at (70 ± 10) C. Before use, Cochran homogenW

Eleven raw sewage samples were obtained from two munici-

eity tests were carried out on the vials to ensure the

pal wastewater treatment plants in Barcelona. Collection,

coliphage dilutions were homogeneous within and between

transport and sample storage were the same as for the

the tubes (Mendez et al. ).

river samples. The samples were diluted 100-, 1,000- and

Controls of the host strain and the media were per-

10,000-fold, and from each diluted sample three to ﬁve repli-

formed in duplicate for each bacteriophage enumeration

cates of 1 mL aliquots were titrated.

series.

Bacteriophage titration

Coliphage plaque size determination

PFUs of bacteriophages were counted using the double agar

Brieﬂy, a 20-megapixel digital camera was used to take plate

layer technique, according to ISO 10705-2. Plaques were

images after 3 and 18 hours of incubation. The geometry of

recorded after 2, 3, 4, 5, 6 and 18 hours of incubation, with-

images were corrected to their real shape. The areas of the

out any sort of contrast or magniﬁcation at (36 ± 2) C using

plaques were measured with the ImageJ software (Rasband

E. coli WG5 as the somatic coliphage host. Counts at 2, 3, 4,

& ImageJ, U. S. –), to convert the pixel count to sur-

5 and 6 hours were carried out in a thermostatic room to

face area; a computer printout with a known surface area

avoid any effect of temperature change during the counting

was generated and it was used as the size standard. In this

process.

study, we found that 1 pixel ¼ 0.008 mm2. Once the areas

W

Somatic

coliphages

are

a

heterogeneous

group

producing heterogeneous plaques that can differ in size and

were determined the mean diameter of each plaque was
calculated.

morphology. As plaque size tends to increase over the incubation time, plaques that are close together can overlap.

Data computation and statistics

Once the appearance of a plaque was recorded at the different times, the agar plate was counted again at 18 hours,

Regression ﬁts

according to ISO 10705-2. Plaque overlap was measured as
the variation between the cumulative sums of the presence

Statistical analysis and modelling were carried out with the

of new plaques recorded after the different incubation times

R statistical software package version 3.0.2 (R Development

contrasted with the single ﬁnal count at 18 hours.

Core Team ) and locﬁt (Loader ).
Several functions including linear polynomic functions,

Quality assurance

and growth, sigmoidal, power-law and exponential models
were tested using non-linear regression. This analysis was

To ensure the accuracy of bacteriophage titrations, phage

performed using the R-package nls2 (Grothendieck ).

stocks were prepared according to the ISO standard for
the validation of methods for the concentration of bacterio-

Mixed-effects models

phages from water (ISO 10705-3). Brieﬂy, a primary or
secondary sewage efﬂuent was ﬁltered through a 12 μm

Traditionally, the variability associated with the detection of

pore-size membrane ﬁlter. Target bacteriophages were

bacteriophage in water samples has been described using

enumerated by initial titre. The phage suspensions were

simple statistical terms such as the mean and standard devi-

stored at (5 ± 3) C until the enumeration results were avail-

ation. In contrast, mixed-effects modelling allows us to

able. If necessary, the suspensions were diluted to obtain

include other sources of variability that exist within the

W
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water samples, as well as the magnitude of the variability

incubation at 3 and 18 hours A statistical difference (p <

between repeated counts and the magnitude of the residual

0.01) between the diameters measured at 3 and 18 hours

deviations between the predicted and observed values.

was observed when the Wilcoxon matched-pairs signed-

The non-linear plaque count curves were analysed by

rank test was applied. The mean diameters (mm) of the pla-

NLME modelling with the R-packages nlme (Pinheiro

ques measured at 3 hours was 1.81 mm and at 18 hours was

et al. ) and lme4 (Bates et al. ).

3.56 mm; the percentiles values at 0%, 25%, 50%, 75% and
100% were 0.4, 1.2, 1.6, 2.2 and 4.5 mm for 3 hours and 0.6,
1.4, 2.4, 5.2 and 14.4 mm for 18 hours.
Approximately 24.4% of the plaques did not experience

RESULTS

an increase in diameter size, 55.7% increased less than 50%,
13.1% increased between 50% and 100% in size, 15.3%

Coliphage counts

increased between 100% and 200%, 6.8% increased
Coliphage counts were carried out without using any sort of

between 200% and 300% and 9.7% increased more than

contrast or magniﬁcation; 45 and 50 counts were performed,

300% in diameter size.

respectively, on the undiluted and 10-fold diluted river
samples; 43 samples of sewage diluted at 100-, 1,000-,

Overlapping plaques

10,000-fold were titrated, but in the case of the most diluted
sewage samples, only 21 samples could be taken into
account in this study due to the limited coliphage presence.
The results are summarised in Table 1.

The phages detected after 18 hours by counting at several
incubation times was statistically higher than those detected
at 18 hours by the single count procedure, Wilcoxon signedrank test (p < 0.05). For that reason, the total 18-hour counts

Determination of the plaque sizes at 3 and 18 hours

recorded at several incubation times were used in the statistical analysis.

Diameters were determined measuring 176 coliphages pla-

It should be noted that, although the difference between

ques on ﬁve counts of undiluted river samples after their

the counting procedures was statistically signiﬁcant, the

Table 1

|

Overall coliphage titration results

Sample

Time (h)

n

Mean

SD

Min.

Max.

Sample

Time (h)

n

Mean

SD

Min.

Max.

Sewage (1:100)

2
3
4
5
6
18

43
43
43
43
43
43

181.23
244.07
266.91
280.65
292.67
311.86

38.68
47.11
48.80
50.33
52.94
50.67

96
24
149
158
162
180

268
336
352
362
384
396

River

2
3
4
5
6
18

45
45
45
45
45
45

53.47
83.58
97.80
105.84
112.18
127.44

24.69
32.89
35.38
37.01
37.66
39.19

10
27
37
42
44
52

124
158
176
192
195
214

Sewage (1:1,000)

2
3
4
5
6
18

43
43
43
43
43
43

17.49
26.19
30.12
32.04
34.35
40.16

5.32
7.56
9.09
9.42
10.14
11.29

6
8
11
12
13
18

32
42
48
49
50
59

River (1:10)

2
3
4
5
6
18

50
50
50
50
50
50

4.14
6.94
8.36
9.14
9.76
12.40

2.89
4.10
4.53
4.76
4.77
5.42

0
0
0
0
2
4

11
21
23
25
26
29

Sewage (1:10,000)

2
3
4
5
6
18

21
21
21
21
21
21

2.00
2.86
3.62
3.86
4.04
5.10

1.84
1.90
2.56
2.37
2.50
2.90

0
0
0
1
1
1

8
8
11
11
11
13
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differences were not very important: for plates containing 30

The worst condition corresponds to 10,000-fold

to 300 plaques, the average percentage difference was 2.8%,

diluted sewage samples, which presented an adjusted R2

reducing to 2.9% when locally weighted smoothing was

of 0.50 and a mean value of 5 PFU/mL, with coliphage

applied.

counts ranging between 1 and 13 PFU/mL; whereas the

Figure 1 shows the results of the comparison between

best ﬁt was achieved with undiluted river sample
adjusted

R2

the count procedures. Locally weighted scatterplot smooth-

titrations:

ing (LOWESS) is a non-parametric strategy to ﬁt a smooth

117.90 PFU/mL, coliphage counts ranging between 33

best-ﬁt curve without assuming the data must ﬁt some distri-

and 214 PFU/mL.

of

0.93,

mean

value

of

bution shape; a local regression model is ﬁtted to each point
and the points close to it.

NLME with random intercept modelling

Determination of minimum incubation time

Plaque appearance over the incubation period was curvilinear, as shown in Figure 2. Hence, several functions such

As the aim of the study was to establish the feasibility of

as growth, sigmoidal, power-law, hyperbolic, rational and

using early counting to predict the titration results that

exponential functions were tested in order to ﬁnd the best

would be obtained in the standard method, our ﬁrst

ﬁt. Once they were determined, NLME analysis was carried

approach was based on correlation analysis (Table 2)

out with each selected function.

between the bacteriophage counts obtained at different

Mixed effects can be applied for repeat measurements;

times against the counts obtained at 18 hours according to

the main difference in comparison with classical regression

the ISO procedure.

is that the observations may be grouped in independent

Although coliphages were detected after as little as 2

levels or clusters, where observations in a level are depen-

hours of incubation, bacteriophage counts at 3 hours were

dent because they belong to the same subpopulation.

selected for modelling as they displayed more than 70% cor-

Consequently, there are two sources of variation: between

relation in all the samples tested.

and within levels. Therefore, mixed-effects models provide

The correlations were notably weaker among samples

the ﬂexibility to model not only the mean of a response vari-

containing low numbers of bacteriophages. For all cases,

able, but its covariance structure as well. As mixed-effects

the correlations were signiﬁcant at p < 0.01.

modelling introduces ﬁxed and random effects over the

Figure 1

|

Local regression between count procedures (a), the dashed line denotes no differences between counts and local LOWESS (b) smoothing (thick black line).
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information criterion (BIC). The AIC and BIC are not

Pearson correlations for sewage and river samples

used to test the model in the sense of hypothesis testing,

Pearson correlation (countih v count18 h)

but for model selection as in this research, where we

Sewage

Sewage

Sewage

River

River

(1:100)

(1:1,000)

(1:10,000)

(undiluted)

(1:10)

Hour

r

r

r

r

r

2

0.690

0.475

0.637

0.918

0.736

cal model; the test is based on information theory. When

3

0.928

0.856

0.728

0.961

0.857

several candidate models can be satisfactorily implemented

4

0.968

0.915

0.842

0.983

0.887

with the same dataset, the model with the lowest AIC is the

5

0.980

0.947

0.839

0.988

0.891

‘best’ model of all those speciﬁed for the data. BIC is clo-

6

0.988

0.977

0.849

0.991

0.925

sely related to AIC, with the difference that the BIC

18

1.000

1.000

1.000

1.000

1.000

penalty term is more stringent than that for AIC. As with

want to decide which is the best of a selection of models.
AIC provides a ‘measure’ of the relative quality of a statisti-

AIC, the smallest BIC indicates the model that best ﬁts
the dataset.

ﬁtting variables, mixed models present multidimensionality

Brieﬂy, our approach was based on a preliminary

and, for that reason, randomised variables have a matrix

test of several regression models using NLME allowing

representation.

only one parameter of the model to be expressed as a

The goodness of ﬁt (GOF) of a statistical model

function of a ﬁxed value and a random function. Once

describes how well it ﬁts a set of observations. GOF indices

the best model was selected, in order to eliminate the

summarise the discrepancy between the observed values

need to deal with this variable parameter, a relationship

and the values expected under a statistical model. Likeli-

between this parameter and the plate counts after 3

hood is proportional to the probability of the observed

hours was used.

data, so the best-ﬁt parameter value is achieved when the

The best ﬁts were using the Antoine expanded or vapour

parameter value maximises the likelihood. As likelihoods

pressure function and the logistic-exponential models. A pre-

might be very small numbers, the logarithm of likelihood

ference order was established according to their AIC, BIC

is used; in this case, the highest values of log-likelihood cor-

and determination coefﬁcient (R2).

respond to the best parameter estimate. With L denoting

Table 3 shows a summary of the equations of some of

the log-likelihood, two common GOF indices are Akaike’s

the models used. The best ﬁts were attained using exponen-

information criterion (AIC) and Schwarz’s Bayesian

tial family curves.
In the modelling, the variables a, b, c and d, were taken
as ﬁxed components and the random component was
related only to the a variable (despite randomisation of all
variables resulting in a better regression model, this
increased the complexity of the predictive model, with the
increase in correlation being minimal). Meanwhile, it was
only possible to correlate the randomised variable with the
value of the phage counts at 3 hours when a stochastic
effect was only introduced in one variable.
When NLME was applied separately to each type of
sample (Table 1), the logistic-exponential model showed
the best ﬁt in several categories; but when NLME was
applied to all the samples, the Antoine equation was the
most accurate function, resulting in its second position as
an alternative to the exponential model; results are shown

Figure 2

|

Plaque counting (replica) in a single river sample coliphage titration.
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Models satisfactorily run using NLME modelling
Pseudo-R2 AIC
Samples

Model

Equation

Logistic-exponential

Count (PFP) ∼ ð1þe(b×Time) þ cÞ
a

b
þc×ln (Time)Þ
ðaþTime

Count (PFP) ∼ e

Antoine expanded

e(bcTime)

Undiluted river

Sewage 1:10,000

All samples

0.979, 2,028.175

0.884, 423.043

0.992, 10,408.31

0.978, 2,038.338

0.882, 420.887

0.995, 9,712.877

Gompertz

Count (PFP) ∼ a × e

0.975, 2,065.705

0.882, 425.045

0.994, 10,065.73

Monomolecular

Count (PFP) ∼ a × (1  e(bTime) )

0.970, 2,105.637

0.882, 422.698

0.994, 10,044.56

Modiﬁed Hoerl

Count (PFP) ∼ a × bTime × Timec

0.970, 2,106.003

0.872, 433.002

0.993, 10,177.52

Heat capacity

0.968, 2,117.821

0.866, 437.514

0.972, 11,622.05

Root

c
Count (PFP) ∼ a þ b × Time þ Time
2
1
ð
Þ
Time
Count (PFP) ∼ a × b

0.967, 2,126.023

0.883, 422.362

0.993, 10,289.25

Saturation growth

a×Time
Count (PFP) ∼ bþTime

0.949, 2,221.43

0.877, 427.617

0.990, 10,535.48

Asymptotic regression

Count (PFP) ∼ (a × e

0.828, 2,494.799

0.828, 463.960

0.970, 11,702.63

3rd Polynomic

Count (PFP) ∼ (a × Time) þ (b × Time2 ) þ (c × Time3 ) þ d

0.752, 2,558.244

0.666, 527.072

0.673, 14,024.45

(b×Time)

)þc

The NLME model using the Antoine equation can be

(river or wastewater), not displaying differences (p > 0.05,

expressed as shown in Equation (1):
Count(PFP) ∼ e(4:329(1:962=Time) 0:143×ln (Time))

(1)

The model had an R2 value of 0.995, with AIC, BIC and
log-likelihood

values

being,

respectively,

they showed little association with water sample origins

9,712.877,

9,738.378 and 4,851.439. Estimated values of the variables
a, b and c with their respective 95% conﬁdence intervals
were 4.329 (4.123 to 4.534); 1.962 (2.042 to 1.881);

Mann–Whitney U test) between matrices when the phage
contents were similar in these samples.
Prediction functions
In order to predict the possible number of coliphages at 18
hours by an early count, two statistical approximations

and 0.143 (0.157 to 0.128).
The model was shown to be adequate to ﬁt plaque
counting over time, when it was applied with concentrations
of bacteriophages of between 0 and 400 PFU/mL.
Figure 3 displays the individual ﬁts using the Antoine
equation. Although in the solution, the unique a, b and c
values are given for the overall NLME, every individual
count has its own regression equation. In our particular
case, the variable a could be expressed as a function of a
ﬁxed value (4.329) and a random function (≈ ±2.2). The
variables, b and c remained ﬁxed with values of 1.962
and 0.143, respectively.
Here, it is important to note that in this model the
random effects proved to be highly related to the quantity
of the bacteriophage in the water matrices (Spearman’s
rho of 0.997), this relation being linear-log (R2 of 0.995)
for samples containing more than 10 PFU/mL. However,
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were evaluated. The ﬁrst one involved the use of the results

350 PFU/mL measured at 3 hours, as shown in Figure 4.

of the NLME analysis and the second one involved the use

Despite this fact, it is necessary to keep in mind that it is rec-

of the linear regression and linear mixed-effects (LME) mod-

ommended to dilute the sample so as to enumerate less than

elling analysis.

300 plaques per plate.

All data with the NLME Antoine equation

curve has a slight S-shape and the intercept was not located

Note in Figure 4(a) that in spite of the linearity, the
at zero. This denotes that the prediction fails with zero
Commonly, prediction assessment from random-effects

values; a zero value at 3 hours does not suggest that new

models requires a more complex approximation because

plaques cannot appear, but neither that a zero value will

the solutions involve matrices, and the conﬁdence interval

be obtained at the end of the incubation.

for prediction needs to be calculated from the data used in

As was indicated previously, a second statistical approximation, using linear regression and LME modelling, was

the modelling.
As was noted before, the origin of the samples has little

considered in order to simplify calculation, and mainly, for

impact on the model, on the contrary, the variability in the

diminishing the prediction interval, that is especially useful

number of bacteriophages was the main factor responsible

in samples containing a low number of bacteriophages.

for the mixed effects. However, it is important to note that

These linear models only have to take into account the bac-

the variation in the variable a modiﬁes the shape of the pre-

teriophage counts at 3 hours and they allow prediction of

dicting curve, and this change allows prediction of the

the ﬁnal counts, as is indicated in the ISO standard, after

kinetics of the appearance of the plaques for each sample.

18 hours of incubation, but they cannot be applied to predict

As the variable a was clearly associated with the counts of

the kinetic of the appearance of coliphage plaques before

bacteriophages, we used a numerical approximation in

that incubation period.

order to establish a relationship between the plaque
Linear regression and linear mixed modelling

counts at 3 hours and the variable a.
That approximation allows us to predict the coliphage
counts at different incubation times (inc. hours), as is

Overall data: Linear regression resulted in an R2 of 0.9858; and

shown in Equation (2):

AIC, BIC and log-likelihood of 1,650.165, 1,660.090 and
822.082, respectively. The intercept was 9.526 (95% CI

Countsinc:hours

¼e

2:075þ0:233×Count3h
1þ0:038×Count3h 1:350105 ×ðCount3h Þ2

6.966 to 12.085) and the slope was 1.246 (95% CI 1.225 to



1:962
inc:hours
0:143×ln(inc:hours)

1.267), so Fit Count18h ¼ 1:24611 × Count3h þ 9:52552: In
(2)

addition, the 95% conﬁdence interval was ±2.52 PFU/mL
for ﬁt values with a prediction interval of ±28.18 PFU/mL.

Note that Equation (2) allows determination of the

Meanwhile, LME with random and ﬁxed intercept and

number of bacteriophages in any incubation time; the R2

slope provided a slightly better ﬁt, with an R2 of 0.997 and

values for the predicted counts after 4, 5, 6 and 18 hours of

AIC, BIC and log-likelihood values of 1,511.048, 1,530.898

incubation were, respectively, 0.997, 0.994, 0.991 and 0.988.

and 749, respectively. The intercept was 14.628 (95% CI

For incubations after 18 hours, as is indicated in the ISO

9.493 to 19.763) and the slope was 1.240 (95% CI 1.190 to

standard, the AIC, BIC and log-likelihood achieved were:

1.290). The higher value of the intercept and the similar

1,620.232, 1,630.156 and 807.1158, respectively, being

slope indicate that low concentrations of bacteriophages

the 95% conﬁdence interval for ﬁt values of ±2.52 PFU/mL

may be overestimated; consequently, the linear regression

and ±28.18 PFU/mL for predictions.

model is preferred.

This approximation is able to determine bacteriophage

Split data: Due to the value of the intercept, samples con-

counts beyond 3 incubation hours, and it showed good line-

taining small amounts of bacteriophages were overestimated.

arity between counts at 3 hours and at 18 hours. That

To deal with this fact, the coliphage counts were split into

linearity is maintained with coliphage values of lower than

two groups. This increased the accurateness in the prediction
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Linearity between predictors and their predicted values. The thin line represents a slope of 1.3. (a) Linearity below 350 PFU/mL. (b) Shows that the linearity did not extend
beyond 350 PFU/mL.

of low values. All possible linear regressions were carried out

CI 15.951 to 32.834) and the slope 1.190 (95% CI 1.129 to

to ﬁnd a cut-off value to maximise prediction accuracy, which

1.251).
Although LME models provided better ﬁts than linear

resulted in 26 PFU/mL at 3 hours of incubation.
<26

regression, here, both models showed similar results for

PFU/mL resulted in an R2 of 0.900; while AIC, BIC and

slope and intercept. Thus, as both models may be used indis-

log-likelihood values were, respectively, 496.753, 504.319

tinctly, and because the prediction interval is easier to

Linear

regression

with

samples

containing

and 245.377. The intercept was 1.966 (95% CI 0.797 to

calculate with linear regression, the LME model could be

3.135) and the slope 1.480 (95% CI 1.377 to 1.582); the con-

discarded. Figure 5 shows the scatterplot of the 95% conﬁ-

ﬁdence interval at 95% for ﬁt values was ±0.95 PFU/mL

dence and prediction interval of the regressions.

and the resultant prediction interval was ±7.06 PFU/mL.
Mixed linear models with a random intercept and slope

Limits of use of early counting

resulted in an R2 of 0.949 and AIC, BIC and log-likelihood
values were: 481.328, 496.459, and 234.664, respectively;

The limit of use of early counting was determined using a

the intercept was 2.370 (95% CI 1.074 to 3.667) and the

regression analysis with 10,000-fold diluted sewage water

slope 1.181 (95% CI 1.275 to 1.605). Again, linear regression

samples, which included zero values. The value of sensitivity

was preferred to predict low coliphage concentrations.

obtained was 3.64 PFU/mL, calculated from the prediction

Linear regression with samples containing 26 PFU/mL

interval at 95%; consequently, when coliphage counts are

resulted in an R2 of 0.981; and AIC, BIC and log-likelihood

4, it is recommended to extend the incubation time to

values were: 934.564, 942.666 and 464.282, respectively.

(18 ± 3) hours, as indicated in the ISO standard.

The intercept was 22.952 (95% CI 17.481 to 28.423) and
the slope 1.181 (95% CI 1.148 to 1.215); conﬁdence interval
at 95% for ﬁt values of ±4.29 PFU/mL with a prediction

DISCUSSION

interval of ±33.23 PFU/mL. The mixed linear models with
random intercept and slope resulted in an R2 of 0.995 and

Several techniques have been reported to shorten the time

AIC, BIC and log-likelihood values were 882.996, 899.199

required to obtain somatic coliphage presence/absence

and 435.498, respectively. The intercept was 24.392 (95%

results.

Downloaded from https://iwaponline.com/jwh/article-pdf/393449/jwh0150706.pdf
by guest

715

Figure 5

J. Mendez et al.

|

|

Prediction of the number of coliphages by plaque enumeration in 3 hours

Journal of Water and Health

|

15.5

|

2017

Results of lineal regression below and beyond 26 plaques by plate at 3 hours.

Armon & Kott () developed a rapid presence detec-

the bacteriophage counts, whereas the model based on

tion method for 500 mL drinking water samples using a jar

the Antoine equation was also able to predict the plaque

containing the water sample and an immersible probe ﬁlled

appearance kinetics. The prediction achievements of the

with solidiﬁed soft agar containing E. coli CN13 as the bac-

three models were similar, with R2 ranging from 0.981

terial host that detected somatic coliphages within 3 hours.

to 0.995; but the main difference between them arose

Kim et al. () developed a bioluminescence-based assay

with the prediction intervals. However, in the case of

for enumeration of lytic bacteriophages that uses trans-

samples containing more than 26 PFU/mL the prediction

formed E. coli DH5α with a pCRII cloning vector

intervals between the linear model and the model based

containing a luxCDABE gene cassette. That method allows

on the Antoine were similar. In samples containing less

the detection of high levels of T4 phage (8.4 log PFU/mL)

than 26 PFU/mL, the prediction interval of the linear

within 1.3 hours. Guzmán Luna et al. () developed an

model was much lower, which indicates that this model

enumeration method based on detection via a biolumines-

should be preferred for samples containing a low

0

cent assay of the release of the bacterial host adenosine 5 -

number of bacteriophages. Thus, linear regressive models

triphosphate and adenylate kinase, due to phage-mediated

can be used as long as the kinetic need not be evaluated;

lysis. That method provides results in less than 3 hours for

in that case, the model based on the Antoine equation

>10 PFU using E. coli WG5 as the bacterial host. More

should be applied.

recently, Wang & Nitin () developed a rapid detection

The obtained regressive models reduce the detection

of bacteriophage method in starter cultures based on

limit to 4 PFUs and allow us to obtain a coliphage esti-

water-in-oil-in-water emulsion micro-droplets that allows

mation after 3 hours of incubation. Meanwhile, variable

the detection of bacteriophages in a minimal time of 1

overlap between plaques has been observed, so the

hour with a detection limit of 100 PFU/mL. Nevertheless,

single count may tend to diminish the real number of

little attention has been devoted to establishing the mini-

bacteriophages detected; therefore it would be advisable

mum incubation time of traditional methods to provide a

to perform at least one additional count within the ﬁrst

reliable result.

6 hours of incubation, especially in cases where the

In this article, different prediction models are shown.
Both linear models were successfully applied to predict
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CONCLUSIONS
Early plate counts offer a feasible and reliable procedure for
the detection of phages at levels greater than 4 PFU/mL of
somatic coliphages in water samples after 3 hours of
incubation, using the standard coliphage quantiﬁcation
procedure.
Considering the amounts of bacteriophages described in
several types of waters and their suggested quality criteria,
this early count could be applied in water to monitor the efﬁciency of wastewater and water reclamation treatments, and
to indicate the quality of bathing waters and reclaimed
waters with quantiﬁable results on the same working day.
The results reported here indicate that the traditional
coliphage plating technique has the potential for very
rapid, practical, real-time detection that can be implemented
without inconvenience by laboratories that routinely titrate
bacteriophages.
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