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ABSTRACT

Bacillus cereus is a spore-forming and a toxin-producing bacteria; it is
therefore an emerging concern for the food industry. The objective of this
study was to investigate the growth of B. cereus and provide appropriate
predictive models taking into account the medium, temperature, strains,
and thermal stress. To do so, a quantitative methodology was developed
to follow B. cereus development after a heat stress in two growth media
(Reconstituted Infant Formulae (RIF) and culture medium (BHI)) at
population and individual cell level by means of direct (viable counts) and
indirect (turbidity) measurements. In viable counts experiments, growth
rates were higher in BHI when compared to RIF, and a strain-dependent
bias factor could be estimated. The heat stress caused a 2 log (CFU/mL)
reduction on average, but did not significantly affect the subsequent
growth of survival cells. As for cardinal values estimations, the growth
boundaries of three B. cereus strains (B596, B594 and B626) from the
Nestlé Pathogen Culture Collection were successfully determined in
terms of temperature, pH, and aw. These were compared to other two
strains from emetic group, analysing intra-group and pair-wise
differences. B594 strain differed more from the all the others strains in
terms of their cardinal parameters and strains B596 and B626 are equal in
all parameters. The predictions of B. cereus growth in RIF made with the
cardinal parameter values determined by turbidity in culture medium
were good, especially when using bias factor to estimate optimal growth
rate in RIF. Confronted with literature data from different sources and
from a variety of dairy products, the proposed general secondary model
for emetic B. cereus showed reasonably good performance with more
than 85% of the collected growth rates within the confidence boundaries.
Additionally, no significant difference on the probability of growth of
heated and unheated individual cells for all investigated temperatures
could be inferred and also no significant difference on the average
individual cells lag time, denying the initial hypothesis that says heated
cells would need an extra adaptation period in a new environment. This
result is aligned with the one at population level. Recommendations on
target value of average number of cells per wells were given in order to
optimize single-cell probability of growth experiments using turbidity
measurements. The findings constitute an important insight about



different features of B. cereus behaviour that can be applied by the food
industry to improve processing and/or to give guidance on decisions
based on Quantitative Risk Assessment.

Key words: Bacillus cereus; heat stress; growth matrix; population level;
single cell level.



RESUMO

Bacillus cereus é uma bactéria formadora de esporos e produtora de
toxinas, sendo, portanto, uma preocupacdo emergente para a industria de
alimentos. O objetivo deste estudo foi investigar o crescimento de B.
cereus e fornecer modelos preditivos apropriados, levando em
consideragdo o meio de crescimento, a temperatura, as cepas e 0 estresse
térmico. Para isso, uma metodologia quantitativa foi desenvolvida para
acompanhar o desenvolvimento de B. cereus ap0s determinado estresse
térmico em dois meios de crescimento (Férmula Infantil Reconstituida
(RIF) e meio de cultura (BHI)) a nivel populational e de célula individual
por meio de contagem direta (contagem de células viaveis em placas) e
indireta (turbidez). Nos experimentos de contagem direta, as velocidades
de crescimento foram maiores em BHI quando comparado ao RIF, e um
fator bias p6de ser estimado para cada cepa investigada. O estresse
térmico causou uma reducdo de 2 log (UFC/mL) em média, mas ndo
afetou significativamente o crescimento subseqliente das células
sobreviventes. Quanto as estimativas de valores cardinais, os limites de
crescimento de trés cepas de B. cereus (B596, B594 e B626) da Colecédo
de Culturas de Patogenos da Nestlé foram determinados com sucesso em
termos de temperatura, pH e aw. Estes foram comparados com outras duas
cepas pertencentes ao grupo emético, analisando as diferengas entre o
grupo e par a par. A cepa B594 diferiu mais de todas as outras em termos
dos seus parametros cardinais e as cepas B596 e B626 sdo iguais em todos
0s parametros. As predigdes de crescimento de B. cereus em RIF feitas
utilizando os pardmetros cardinais determinados em meio de cultura
foram boas, especialmente quando se utiliza o fator bias para estimar a
velocidade de crescimento 6tima em RIF. Confrontado com dados de
literatura de diferentes fontes e de uma variedade de produtos lacteos, o
modelo secundario proposto para 0 grupo emético de B. cereus
apresentou um desempenho razoavelmente bom, com mais de 85% das
taxas de crescimento coletadas dentro dos limites de confianca do
modelo. Além disso, nenhuma diferenca significativa na probabilidade de
crescimento de células individuais estressadas e ndo estressadas para
todas as temperaturas investigadas foi inferida e também nenhuma
diferenca significativa na duragdo da fase lag das células individuais,
negando a hipdtese inicial de que as células estressadas precisariam de
um periodo de adaptacédo extra quando inoculadas em um novo ambiente.



Este resultado esta alinhado com o que foi observado a nivel
populacional. Recomendagdes sobre o nimero ideal de células por poco
foram dadas a fim de otimizar experimentos de medida indireta (turbidez)
gue objetivem estimar a probabilidade de crescimento de células
individuais. As descobertas constituem uma compreensdo importante
sobre as diferentes caracteristicas do comportamento de B. cereus que
podem ser aplicadas pela industria de alimentos para melhorar o
processamento e/ou dar orientacOes sobre decisdes baseadas na Avaliagdo
Quantitativa de Riscos.

Palavras-chave: Bacillus cereus; estresse térmico; meio de crescimento;
nivel populacional; nivel de célula individual.



RESUMO EXPANDIDO

Introducéo

Bacillus cereus é uma bactéria patogénica comumente encontrada em
matérias-primas e alimentos processados (CEUPPENS et al, 2011;
WIJNANDS et al, 2006). Pode suportar processos de pasteurizacgdo,
resistir a secagem por pulverizagdo e sobreviver em produtos
industrializados (MCAULEY et al, 2014). Além disso, as diferentes cepas
de B. cereus sdo altamente varidveis em termos de seus limites de
crescimento. Dada a tolerdncia térmica de B. cereus, é de extrema
importdncia investigar o efeito do estresse térmico sobre o
comportamento cinético desse microorganismo a niveis populacional e
unicelular, bem como investigar como ele pode afetar o potencial de
crescimento de células individuais. Convencionalmente, a modelagem
preditiva é realizada por meio de um procedimento de identificagdo em
duas etapas. Uma série de experimentos é realizada a varias temperaturas
(constantes), e para cada temperatura a curva de
crescimento/sobrevivéncia produzida é modelada por um modelo
primario, cujos parametros incluem a velocidade de crescimento
(primeiro passo). Em seguida, um modelo secundario é ajustado as
estimativas dos parametros primarios obtidos. Por exemplo, as
velocidades de crescimento em funcéo de um ou mais fatores ambientais,
mais comumente a temperatura (segundo passo). Esta tese investiga o
poder preditivo de modelos encontrados na literatura e amplamente
utilizados pela comunidade de microbiologia preditiva ao modelar o
crescimento de Bacillus cereus a nivel populacional e de célula
individual.

Objetivos

O objetivo desta tese de doutorado é fornecer um melhor entendimento
do comportamento cinético de B. cereus em Férmulas Infantis
Reconstituidas (RIF) e em meio de cultura (BHI) a nivel populacional e
avaliar a probabilidade de crescimento e os tempos de adaptacéo (fase
lag) de células individuais de B. cereus antes e depois um tratamento
térmico estressante. Além disso, 0s objetivos especificos so:

« Construir um planejamento experimental apropriado e gerar dados sobre
0 crescimento de diferentes cepas de B. cereus por meio de contagem
direta de células vidveis (contagem de placas) e medicOes de turbidez a
nivel de populacéo e de célula individual,

» Utilizar um modelo matematico primario para descrever os dados de
crescimento experimental obtidos pelo método de contagem de placas e



avaliar o efeito da temperatura, estresse e meio de crescimento nos
pardmetros primarios;

« Estimativa do fator bias como medida de discrepancia entre os dois
meios testados (RIF e BHI) para quatro cepas (B596; B626; B635 e B577)
e propor uma funcdo-link que o torna independente da temperatura;

« Estimar velocidades especificas de crescimento por meio de medidas de
turbidez para trés cepas (B594, B596 e B626); avaliar seus valores
cardinais em termos de temperatura, pH e atividade de agua, ajustando o0s
respectivos modelos cardinais as valocidades estimadas e comparar 0s
parametros obtidos com outras cepas do mesmo grupo filogenético;

* Validar modelos cardinais propostos em termos de temperatura a serem
utilizados para cenarios alimentares com dados deste estudo (validagéo
interna) e com dados da literatura (validacdo externa), considerando duas
abordagens de estimativa da velocidade de crescimento 6tima em RIF;

* Avaliar o desempenho de modelos cardinais e suposicdes feitas para o
estado fisioldgico das células (ho) e a populacdo maxima atingida (Nmax)
ao predizer a concentragdo bacteriana ao longo do tempo em RIF
(validacéo interna de modelos primarios);

* A nivel de célula individual, avaliar e comparar a probabilidade de
crescimento e os tempos de adaptacdo (lag) individuais antes e depois do
tratamento térmico para a cepa B577 por meio de medi¢des de turbidez;
* Propor uma rotina otimizada para experimentos de turbidez com o
objetivo de estimar a probabilidade de crescimento de células bacterianas
individuais.

Metodologia

Duas técnicas sdo amplamente utilizadas para medir o crescimento de
microrganismos com o tempo e foram aplicadas ao longo da tese: (i)
contagem de placas, método direto que estima a concentracao bacteriana
e (ii) medidas de densidade Optica, método indireto que estima a turbidez
gue as células produzem ao se multiplicarem. O método de contagem de
placas tem a vantagem de poder abranger varias ordens de grandeza de
concentracdes bacterianas e pode ser aplicado em varias matrizes de
crescimento, enquanto medigdes de turbidez podem ser utilizadas apenas
com meio de cultura e medem somente o final da fase exponencial da
curva de crescimento. No entanto, o Gltimo método tem a vantagem de
poder produzir varias curvas de crescimento simultaneamente em
condi¢des idénticas. Por meio de experimentos de contagem de placas,
estimou-se o fator bias e o efeito de tratamento térmico no crescimento
subsequente das células. Através das medidas de tubidez, velocidades
especificas de crescimento foram estimados e valores cardinais para



temperatura, pH e atividade de agua foram determinados para as cepas
B594, B596 e B626.

N&o é claro se os resultados dos dois métodos de medigdo podem ser
transformados uns nos outros, tornando-se importante compara-los para
validar sua aplicabilidade em diferentes niveis. Aqui, o procedimento de
validacdo pretendeu comparar (e em certo nivel, mesclar) informac6es
provenientes dos dois métodos de medicdo descritos acima e comparar
predicBes com dados produzidos por este trabalho (validagdo interna) e
dados provenientes de vérias fontes (validacio externa).

A nivel de célula individual, a probabilidade de crescimento e a duracéo
da fase lag da cepa B577 foram estudada em condicOes de estresse e de
nao-estresse por meio de medidas de turidez. Além disso, um
procedimento experimental otimizado foi sugerido para a obtencdo de
respostas para células individuais utilizando medidas de turbidez.

Resultados e Discusséo

O Unico fator que afeta os parametros ho (estado fisioldgico) € Nmax
(méxima populagdo atingida) é o meio de crescimento, enquanto o
estresse térmico parece ndo ter impacto significativo sobre eles. A raiz
guadrada das velocidades de crescimento foi modelada em funcéo da
temperatura utilizando o modelo de Ratkowsky (1982) e sua estimativa
de Tmin (temperatura tedrica minima para 0 crescimento) ndo €
significativamente diferente para os modelos em BHI e RIF para uma
mesma cepa, 0 que d& suporte a avaliacdo do fator bias. Além disso, o
fator bias entre as velocidades de crescimento em BHI e RIF foi estimado
para cada cepa usando a funcdo-link da raiz quadrada, uma vez que seu
residuo ndo apresentou correlagdo com a temperatura.

As taxas de crescimento especifico por turbidez foram estimadas de
acordo com os critérios de qualidade especificados e os modelos cardinais
de temperatura, pH e atividade de agua foram ajustados aos dados
experimentais para cada cepa separadamente com R? maior que 0,938
para modelos de temperatura; R? maior que 0,845 para atividade de agua
e 0,814 para pH. De fato, o modelo cardinal para pH foi o que apresentou
pior desempenho quando ajustado aos dados, provavelmente porque
estimar as velocidades de crescimento em condi¢des desfavoréaveis de pH
aumenta a incerteza das estimativas e consequentemente a variabilidade
entre as repeticoes.

Com base nas estimativas apresentadas ao longo do capitulo para as cepas
eméticas investigadas, uopt Varia de 2,68 a 3,67 h*; Tmin entre 5,95 e 8,82;



Topt entre 36,74 e 41,44; Tmax desde 47,57 a 48,44; pHmin de 4,59 a 4,75;
PHopt de 6,43 a 7,08; awmin de 0,929 a 0,950 e awqpt de 0,990 a 0,994.
Diferencas significativas nos parametros estimados puderam ser
identificadas e uma concordancia de 61,2% foi obtida quando cepas
foram comparadas aos pares. A concordancia foi de 100% para pHmin €
awopt. Os parametros estimados para a cepa B594 parecem diferir mais de
todas as outras cepas. As cepas B596 e B626 sdo iguais em todos 0s
parametros.

As predicdes do crescimento de B. cereus em RIF feitas com os valores
cardinais e com base no fator bias foram satisfatorias. A criacdo de um
modelo geral para cepas eméticas de B. cereus foi desenvolvida usando
temperaturas cardinais obtidas para as diferentes cepas investigadas e
velocidade 6tima de crescimento em RIF estimada de acordo com a
metodologia sugerida por Pinon et al (2004). Confrontado com dados da
literatura de diferentes fontes e de uma variedade de produtos lacteos, o
modelo proposto mostrou bom desempenho com 88% das velocidades de
crescimento coletadas dentro dos limites de confianca.

Para células individuais, € dificil adquirir dados suficientemente precisos,
especialmente quando a técnica escolhida pode dar respostas apenas a
nivel populacional. Esta é provavelmente uma das razfes pelas quais
nenhuma diferenca significativa na probabilidade de crescimento de
células estressadas e ndo estressadas foi observada para todas as
temperaturas testadas. Juntamente com a grande incerteza da avaliacdo do
nimero médio de células por po¢o (devido ao numero limitado de
repeticbes), o resultado final pode ser interpretado como células
estressadas e ndo estressadas sdo igualmente e totalmente (probabilidade
igual a 100%) capazes de crescer sob temperaturas que variam de 15 °C
a 47 °C. Quanto a avaliacdo da fase lag, nenhuma diferenga significativa
entre células individuais estressadas e ndo estressadas pode ser observada
a partir dos dados experimentais.

A fim de aumentar a confianca dos pesquisadores, as recomendacfes
propostas podem fornecer um meio para lidar com os desafios
mencionados e podem ser usadas para otimizar projetos experimentais ao
avaliar a probabilidade de crescimento de células individuais por
medicOes de turbidez.

Consideracdes Finais

Ficam aqui algumas sugestBes para desenvolvimento futuro:

* Células individuais: experimentos de citometria de fluxo (flow
cytometry) para identificar a fragdo de células mortas, vivas e danificadas
e sua capacidade individual de crescimento; verificar principalmente se



células injuriadas e células vivas tém a mesma probabilidade de se
dividirem como a probabilidade de crescimento usando medidas de
turbidez sugere.

* A nivel populacional: investigar se as células sobreviventes sdo mais
tolerantes a subsequentes estresses térmicos. Isto pode ser observado
através de uma reducdo da fase lag devido ao tratamento térmico ou
nenhuma diferenca entre as médias de h.

* Producdo de toxinas por cepas eméticas de B. cereus: com delineamento
experimental semelhante, avaliar o efeito do estresse, meio e temperatura
na produgéo de toxina. Qual fator a influencia mais e qual(is) pode(m) ser
considerado(s) insignificante(s)?

Palavras-chave: Bacillus cereus; estresse térmico; meio de crescimento;
nivel populacional; nivel de célula individual.
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1. Introduction

Bacillus cereus is a pathogenic bacterium commonly found in
raw materials and processed foods (CEUPPENS et al, 2011; WIJNANDS
et al, 2006). It can endure high temperature short time (HTST)
pasteurization, resist spray drying and survive in final products
(McAULEY et al, 2014). Additionally, B. cereus strains are highly
variable in terms of their growth limits, characteristic mainly dependent
on their phylogenetic group (CARLIN et al, 2013). Emetic strains of B.
cereus are of concern since they are toxin producers and it is not possible
to eliminate the toxin (cereulide) once preformed in the food.

Given B. cereus thermo tolerance, it is of extreme importance to
investigate the effect of heat stress(es) on the kinetic behaviour of this
microorganism at population and single-cell levels as well as
investigating how can it affect the growth potential of individual cells.
That’s where predictive microbiology can be useful and make the
difference when analysing experimental data.

Predictive Microbiology is a multidisciplinary area making use
of mathematics and statistics in food microbiology since 1980s when the
increase in public awareness of the need for safe food supply came
together with the fact that traditional methods for assessing
microbiological quality and safety were limited by the time to obtain
results and the poor predictive and reproducible value. Since then, the
area has deeply developed, constituting important instrument for safety
assurance within the food industry.

Conventionally, predictive modelling is carried out via a two-
step identification procedure. A series of experiments is performed at
various (constant) temperatures, and for each temperature the produced
growth / survival curve is modelled by a so-called primary model, whose
parameters includes the maximum specific growth rate (first step). Then
a secondary model is fitted to the obtained primary parameter estimates,
most importantly the maximum specific growth rate estimates, as a
function of one or more environmental factors, most commonly the
temperature (second step).

By comparing secondary models that describe how growth rates
vary with temperature using two different growth media, it is possible to
assess the medium effect on the growth rate and create a link between
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them that, based on certain assumptions, can be extrapolated to a wider
range of the environmental factor. Commonly, this link is measured
between culture medium and a given food. Namely, it is desirable to use
culture medium-based models to predict the bacterial behaviour in food
matrices since more literature data are available for the former.

From a population kinetic perspective, two main techniques are
widely used to measure the microorganism growth with time: plate count,
a direct method, which estimates the bacterial concentration, and optical
density (OD-) measurements, an indirect method, which estimates the
turbidity that the cells cause. Plate counts method have the advantage that
they can span through orders of magnitude of bacterial concentrations and
that they can be applied to several growth matrices, while turbidity
measurements can be used only with culture medium, and only for the
late exponential phase of the growth curve. However, the latter method
has the advantage that it can produce several OD-curves simultaneously,
under identical conditions. It is not obvious whether the results from the
two measurement methods can be transformed into each other, making it
important to compare/merge them to validate their applicability at
different levels.

By validation, it is meant checking if the chosen models and
assumptions made are valid and can predict the microorganism behaviour
correctly. Here, the validation procedure intends to compare (and at a
certain level, merge) information coming from both measurement
methods described above and compare predictions to data produced by
this work (internal validation) and data coming from various sources
(external validation).

Lately, predictive microbiology research has begun to focus on
the understanding of the microorganism behaviour at single cell or even
molecular level. This approach needs to take into account the complexity
of intracellular mechanisms and their intrinsic variability. This is
important because food poisoning outbreaks may be initiated by
contamination with just a few pathogenic cells if they are able grow in the
food to reach an infective dose. Quantitative Microbial Risk Assessment
studies frequently need to estimate the probability that a few
contaminating cells multiply to a population level above a tolerance limit
(BARANY!I et al, 2009). To analyse this, one needs to identify the
probability of growth and distribution of the lag times of single cells
coming from similar population. Turbidity measurements can also be
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useful here with a standard procedure where cultures are diluted to a level
until the majority of the inoculated wells will receive zero or one cell. The
disadvantage is that, using an automated turbidimeter, many wells will be
empty and, for a statistically robust estimation, it is desirable to have as
many positive wells as possible, revealing the urgent need of an
experimental optimization for this technique aiming at single cells
probability of growth assessment.

Taking all this information into account, the thesis was divided
into four main chapters, where the three first ones refer to population level
and the last one to single-cell level: (i) to provide a better understanding
on the kinetic behaviour of different strains of B. cereus in RIF and culture
medium by means of viable counts, analysing how to properly estimate
the bias factor between the two media; (ii) to characterize the cardinal
values for temperature, pH and aw for a selection of emetic B. cereus
strains by means of turbidity measurements, (iii) to validate the proposed
kinetic models by assessing how applicable are the cardinal values -
coupled with two different approaches of estimating optimal growth rate
(uopt) in RIF - to food scenarios and (iv) to study the impact of heat
treatment on the probability of growth and individual lag times of a
reference strain of B. cereus and propose an experimental optimization
for assessment of probability of growth of individual cells using turbidity
measurements.

1.1 General Objective

The objective of this PhD thesis is to provide a better
understanding on the kinetic behaviour of B. cereus in Reconstituted
Infant Formulae and culture medium at population level and to evaluate
the probability of growth and individual lag times of B. cereus individual
cells before and after a stressful heat treatment.

1.2 Specific objectives
e Build an appropriate experimental design and generate data on
the growth of different strains of B. cereus by means of viable
counts and turbidity measurements at population and single cell
level;
e Use a mathematical primary model to describe the experimental
growth data obtained by plate count method and assess the effect
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of temperature, stress and growth medium on the primary
parameters;

Estimate bias factor as a measure of discrepancy between the
two tested media (Reconstituted Infant Formulae and broth) for
four strains (B596; B626; B635 and B577) and propose a link-
function that makes it temperature-independent;

Estimate specific growth rates by means of turbidity
measurements for three strains (B594, B596 and B626); assess
their cardinal values in terms of temperature, pH and water
activity by fitting the respective cardinal models to estimated
rates and compare the obtained parameters with other strains
from the same phylogenetic group;

Validate proposed cardinal models in terms of temperature to be
used to food scenarios with data from this study (internal
validation) and with data from literature (external validation),
considering two approaches of estimating popt in RIF;

Evaluate the performance of cardinal models and assumptions
made for the physiological state of the cells (hg) and the
maximum population reached (Nmax) when predicting bacterial
concentration along time in RIF (primary models internal
validation);

At single cell level, assess and compare probability of growth
and individual lag times before and after heat treatment for B577
strain by means of turbidity measurements;

Propose an optimized routine for turbidity experiments to
estimate the probability of growth for individual bacterial cells
to obtain recommendations concerning experimental design.
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2. Literature review
2.1 Bacillus cereus

B. cereus sensu stricto (B. cereus in short) is an opportunistic
foodborne pathogen included into Bacillus cereus sensu lato bacterial
group, which consists of B. anthracis, B. cereus, B. cytotoxicus, B.
mycoides, B. pseudomycoides, B. thuringiensis, and B.
weihenstephanensis. (CEUPPENS et al, 2013). B. cereus is able to
produce toxins such as cereulide, cytotoxin K, hemolysin BL (HBL) and
non-hemolytic enterotoxin (NHE) (ROWAN & ANDERSON, 1998;
EHLING-SCHULZ et al, 2005). It is mainly associated with
gastrointestinal disorders and with a multitude of other infections, such as
severe eye infections, periodontitis, necrotizing fasciitis, endocarditis,
nosocomial acquired bacteraemia, osteomyelitis, sepsis, liver abscess,
pneumonia and meningitis, particularly in postsurgical patients,
immunosuppressed individuals, intravenous drug abusers and neonates
(YANG et al, 2016).

B. cereus might come from farm lands, it is able to endure
ultrahigh-temperature (UHT) pasteurization and concentration, survive
from spray drying tower and appear in final products (McCAULEY et al,
2014). Shaheen et al. (2006) suggested that the B. cereus pathogens
should be intensively monitored in infant formula. According to De
Jonghe et al. (2008), B. cereus should be controlled and might be a
suitable microbiological safety indicator for food products, especially for
infant formula. It is considered as one of high-risk foods on account of its
high protein contents and its vulnerable consumers (YANG et al, 2016).

Bacillus cereus is now attracting interest among researchers
because it is not only associated with foodborne outbreaks but also
responsible for spoilage of food products. It produces various
extracellular enzymes which can be able to decrease the organoleptic
quality of milk and dairy products. Also, B. cereus can be introduced into
the dairy environment from various sources during production, handling
and processing, mainly from improperly cleaned and sanitized equipment
(KUMARI & SARKAR, 2016). It is still a challenging task to effectively
control these bacteria in dairy products and processing environment,
because as spore-forming bacteria are ubiquitous in nature, contamination
has been shown to occur along the whole processing line (ENEROTH et
al, 2001).
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According to a review published by the European Food Safety
Agency, B. cereus sensu lato are particularly interesting because their
genetic background confers variable tolerance to temperature. Indeed, the
global evolution of B. cereus sensu lato is not anarchic but seems to be
strongly determined by ecological adaptations. This genetic
diversification associated with modifications of temperature tolerance
limits is a first example of the genetic adaptive faculty of B. cereus sensu
lato. There is a speculation that the emergence of more cold-adapted
populations or more warm-adapted populations is due to the colonization
of new or different environments for which B. cereus organisms had to
adapt. Global warming may also push towards a homogenization of the
actual populations to a thermo tolerant status. (CARLIN et al, 2010)

A good indicative of adaptive skills of B. cereus is that many
strains isolated from food poisoning cases have a tendency rather to be
more thermo tolerant. In addition, global food trade presumably makes
the B. cereus population in foods less dependent from the local
environment. For example, dry ingredients can be an important source of
B. cereus in processed foods (GUINEBRETIERE et al, 2003), and these
ingredients can be imported from remote countries.

The risk of survival of vegetative pathogens and spoilage
organisms are decreased considerably due to the high temperature applied
during pasteurisation, but this is not always the case for B. cereus. To
control the level of contamination with this organism, a low initial count,
cooling after pasteurisation, and limiting storage time should be
considered (ZWIETERING et al, 1996).

Although some thermic processes are not very efficient to
inactivate B. cereus, one question not very well investigated is the effect
of these processes, as a stress condition, on the subsequent behaviour of
survival cells at population and single-cell level. This is where Predictive
Microbiology can play a role and help Food Microbiologists to better
understand what in fact happens.

2.2 Predictive Microbiology

Predictive microbiology can be defined as a research area that
uses mathematical models to describe the population dynamics (growth
and survival) of microorganisms undergoing complex physical, chemical
and biological changes during processing, transportation, distribution and
storage of food (HUANG, 2014). Predictive microbiology is a
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multidisciplinary area, since it applies mathematics, engineering,
chemistry and biology knowledge to provide microbial predictions in
certain foods under defined conditions (SCHAFFNER & LABUZA,
1997; McDONALD & SUN, 1999).

The beginning of the use of mathematical models in food
microbiology was at around 1920, revolutionizing the canning industry
with the development of methods to calculate the thermal inactivation
time of microorganisms (GOLDBLITH et al, 1961). However, only from
1983, the potential of predictive microbiology began to attract research
and funding interest, mainly in the United States, United Kingdom,
Australia and Europe (ROSS & McMEEKIN, 1994).

According to Ross and McMeekin (1994), the interest in
predictive models occurred for two reasons: the increase of food
poisoning cases during the 1980s, leading to an enhanced public
awareness of the need for safe food supply and the fact that traditional
methods for assessing microbiological quality and safety were limited by
the time to obtain results and the poor predictive and reproducible value.

According to Tijskens et al (2001), the practical applications of
predictive microbiology began to materialize only in the 1980s because
of an important tool used today, the computer. According to Whiting
(1995), with the advent of personal computers, microbial modelling has
become an area of great interest, since the models could easily be used by
food microbiologists and technologists.

Whiting and Buchanan (1993) suggested the following
classification for mathematical models used in predictive microbiology
that will be further discussed during next sections:

Primary models: describe the response of the microorganism along the
time, for a set of fixed conditions. The microbial response can be directly
measured by the population density (plate count, microscopy, etc.),
indirectly (absorbance, impedance, etc.) or by products of microbial
metabolism (acid production, toxin synthesis, etc.).

Secondary models: describe the primary model parameters as a function
of culture conditions, such as temperature, pH, water activity etc.
Tertiary models: are applications of one or more secondary models to
provide predictions to non-modelers by means of user-friendly software
packages.

Even though this classification is widely used until the present
days, Baranyi et al (2017) proposed a new way of classifying tertiary
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models. The authors propose that the name “tertiary modeling” should be
used for researches logically derived from the concepts of “primary” and
“secondary” modeling. Such investigations may then reveal, for example,
biological relationships between kinetic parameters within a group of
strains following the same rationale that secondary models reveal
relationships between kinetic parameters of the primary models.

2.2.1 Primary models

A standard introduction to primary modelling must start with the
case when the specific growth rate is constant and the maximum
population can be achieved, as shown in Equation (2.1).

d 2.1
9;(;) = UmaxX(t) @3

where x(t) = is the size of the population at that time and g, is the
specific growth rate.

This is the pure exponential growth model (Malthus’ model) and
the solution for the differential Equation (2.1), at the given initial
population size Xo, is:

x(t) = xyeHmaxt (2.2)

or, expressed by y(t) = In(x(t)), the natural logarithm of the cell
concentration:

Y(@) =Yo+ Umaxt = Inxg+ Upmgxt (2.3)

where x(0)=xo and y(0)=yo are the initial values for the differential equation.
The log x(t) concentration preferred by food microbiologists can be
obtained by using the conversion factor In(10) = 2.3, keeping in mind that
this is the factor between the natural and the 10-based logarithm.

log x(t) = log xy + ut (2.4)

where u =pmax / 2.3. That is the slope of the growth curve on the logscale,
u, differs from the specific growth rate, Umax by the factor 2.3.

Primary models describe the bacterial curve a constant
environment. This curve is meant as the variation of log cell concentration
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with time. If the environment supports growth, then the bacterial curve is
of sigmoid shape, as shown in FIGURE 2.0.1.

lag phase exponential phase stationary phase

; n
max

In N

time

Figure 2.0.1 - Characteristic curve of microbial growth along the time. From:
Swinnen et al. (2004).

In population dynamics, sigmoid growth curves are obtained
when the size of the population is described as a function of time. In
microbiology, however, the log-population follows sigmoid pattern with
time and this is why Baranyi and Roberts (1994) introduced a new model,
instead of using classical sigmoid functions, such as that of Gompertz
(GOMPERTZ, 1893) or Logistic (VERHULST, 1845). The rationale
behind this model will be summarized in the next section.

2.2.1.1 Baranyi and Roberts model
The primary model published by Baranyi and Roberts (1994) can
be summarized as

dx(t)  q(t)
dt ~ 1+4q(t)

x()\" 2.5
:umaxx(t) <1_( ( )) > ( )
xmax
where q(t) is described by Equations 2.6a and 2.6b. It has the advantage
that it has an algebraic solution if the parameters are constant with time.
In dynamic situations, however, it should be solved by numerical
methods.



38

% —vg (2.6a)
q(0) = qo (2.6h)

The simplification v = p has some mechanistic background and
makes the model more suitable for practical curve fitting procedures, too.

The following reparameterizations of qo have biological
interpretations and advantageous numerical/statistical properties that are
useful when using the model for curve fitting:

_ 2.7)
= W+ q0)
ho = —In(ay,) (2.8)

The solution of the differential Equation 2.5 can be expressed in
terms of y(t), the natural logarithm of the cell concentration:

1 em#maxA(t) -1 (29)
Y(O) = Yo + HmaxA() — —n{ 1+ — 0 ———

in which A(t), the integral of a(t), can be considered as a gradually
delayed measure of time:
In(1—evt + e7v(t=) (2.10)

14

Ay =t—21+

The four parameters of this model (Yo , Ymax , tmax, and 1) can be
categorised as follows:

Hmax. The maximum specific growth rate is a so-called
autonomous parameter, characterising purely the ability of the bacteria to
grow in the current environment, independently of the history of the cells.
This reflects the belief that the cells sooner or later grow at a specific rate
determined by the actual growth environment, after a possible adjustment
to it.

Ymax (OF Nmax along this thesis): The final cell concentration is also
an autonomous (history-independent) parameter, but much less
important, from application point of view, than the maximum specific
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growth rate since food microbiology focuses on low level of cell
concentrations.

Yo (or No along this thesis): The initial cell concentration is
obviously purely history dependent. In fact, in experiments, it is set up by
the experimenter, and can be relatively easily estimated. In real food,
however, its estimation can be complicated, which can cause difficulties
when estimating the error of predictions of bacterial concentration in the
actual environment.

The most difficult parameter, from modelling point of view, is
the lag parameter (1), because both the history and the actual environment
affect it. To overcome this difficulty, Baranyi and Roberts (1995) re-
parameterised the system and introduced the ho= umax-4 quantity. If the
lag and the maximum specific growth rate are inversely proportional
(equivalently: if the relative lag defined as the ratio lag time by generation
time of the exponential phase is constant, which is observed by many
researchers), then the parameter ho is constant and can quantify the work
to be done during the lag phase. A rescaling of the ho parameter,
a0 =exp(-ho) is a sort of “suitability” parameter, between 0 and 1,
guantifying how much the history of the cells suitable to the actual
environment. oo =1 means optimum history, when there is no lag at all
(A4 =0); and ao =0 marks the infinitely long lag situation. Therefore, the
system has two initial values: yo and oo (or ho). With this concept, the lag
obviously depends on both history and the actual environment shown by
the simple Equation (2.11):

1="oy

.umax

_ —ln(ao)/ﬂ (2.11)

max

It can be also shown that the ap = exp(-zmax-4) quantity expresses
the fraction of cells that would have been able to grow into the same curve
without lag. Therefore, for example, ao= 0.04 means that if only 4% of
the cells grow, they would reach a certain (high) concentration level at
the same time as the actual growth curve, if those 4% can grow without
lag.

2.2.2 Secondary Models

Any equation that represents the variation of the parameters of
the primary model as a function of the environment variable (temperature,
for example) can be classified as a secondary model. There are some pre-
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established secondary models widely used in the literature and two of
them — the Ratkowsky Model and the Cardinal Model - will be briefly
described here due to their importance to the development of this thesis.

2.2.2.1 Ratkowsky model

When temperature is the primary factor of interest, Ratkowsky et
al (1982) suggested a linear relationship between the square root of
growth rate and this environmental factor as presented in Equation 2.12.

m = b(T — Trnin) (2.12)

where b is the regression coefficient and Tmin is @ hypothetical temperature
which is an intrinsic property of the organism, also considered the
theoretical minimum temperature for growth. The proposed model — also
known as “square-root model” was found to be applicable to the growth
of a wide range of bacteria and it is valid for suboptimal temperatures of
growth for the investigated organism.

2.2.2.2. Cardinal models

Rosso et al (1995) proposed a new modelling approach in which
the maximum microbial specific growth rate (umax) is described as a
function of pH and temperature (Equation 2.15) for the whole range of
environmental factor(s) where growth is observed. The seven parameters
of this model are the three cardinal pH parameters (the pH below which
no growth occurs (pHmin), the pH above which no growth occurs (pHmax),
and the pH at which the pmax is optimal (pHopt)), the three cardinal
temperature parameters (the temperature below which no growth occurs
(Tmin), the temperature above which no growth occurs (Tmax), and the
temperature at which the pmax is optimal (Topt)), and the specific growth
rate at the optimum temperature and optimum pH (uop). The combined
model presented in Equations 2.13 - 2.15 was constructed by using the
hypothesis that the temperature and pH effects on the umax are
independent.



41

T < Tyins 0
Hmax = Tmin <T< Tmax! Auupt * T(T)

T > Tpax: 0

2.13
) (2.13)
_ (T - Tmax)(T B Tmin)2
(Topt - Tmin)[(Topt - Tmin) (T - Topt) - (Topt - Tmax)(Topt + Tmin - ZT)]
pH < pHmin' 0
Hmax = pHmin < pH < pHmaxl Hopt * p(pH)
PH > pHinax, 0
_ (pH - pHmin)(pH - pHmax) (214)
p(pH) - (pH - pHmin)(pH - pHmax) — (pH — pHapt)2
Umax (T, pH) = IloptT(T) p(pH) (2.15)

FIGURE 2.0.2 shows the shape of Equations 2.13 and 2.14 and
the interpretation of the cardinal temperatures and cardinal pHs. Note that
the influence of pH on cardinal model for temperature (Figure 2.0.2A)
and the influence of temperature on cardinal model for pH (Figure 2.0.2B)
affects only uopt parameter (maximum umax reached for each one of the
curves), but does not influence the cardinal temperatures and pHs.
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Figure 2.0.2 - (A) influence of pH on cardinal model for temperature and (B)
influence of temperature on cardinal model for pH. Adapted from Rosso et al

to be used for a wide range of microorganisms.

Later, Rosso and Robinson (2001) suggested an analogous
cardinal model for the effect of water activity on the growth rate of
moulds, presented in Equation (2.16), and since then has been generalized
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aw < AWpip, 0
Hmax = Wmin <aw < AWpay, Hopt * (Z(G.W)
aw > aWpay, 0

" (2.16)
alaw.
(aw = aWpar) (AW — AWpin)?

= (awop[ - awmm)[(awom - awmm)(aw - awop,) - (awap[ - awmax)(awap[ + aWpipn — 2aw)]

Note that the proposed model for water activity has the same
structure as the cardinal model for temperature described in Equation
2.13. The three independent models (Equations 2.13; 2.14 and 2.16)
combined can be used to predict growth rates and while there is influence
of each of the factors on it, there is no interaction between the factors.
This methodology is called gamma approach (ZWIETERING et al,
1996), and can be summarized by Equation 2.17.

tmax (T, pH, aw) = #optT(T) p(pH)a(aw) (2.17)

The authors also suggest that the gamma concept can be extended
to a wide range on environmental factors affecting the microorganism
growth.

2.2.3 Bias factor

The bias factor, proposed by Ross (1996) and shown in Equation
2.18, is an index largely used to evaluate predictive models performance
and to validate its predictions, once it assess the level of reliability the
user can have in the predictions of the model and whether the model
shows any bias which could lead to ‘fail-dangerous’ predictions, when
the growth of the microorganism is underestimated or the inactivation is
overestimated.

bias factor = 10(Z(IOg(GTpredicted/GTobserved)/n)) (218)

where GTpredicted IS the generation time predicted, GTobserved IS the observed
generation time and n is the number of observations. The generation time
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values can be substituted by growth rates or inactivation rates in the
equation, depending on the evaluation, since the log transformation
makes it indifferent whether a variable or its reciprocal is used in its
argument.

Ross (1996) suggested that this index can also be used to
characterize the discrepancy between food and broth models for growth
rate dependency with temperature. Since predictions (upred) 0f cOmmonly
used software packages are often based on experiments carried out in
culture medium broth, while practical observations (uobs) refer to food,
the above expectation can be translated to

bias factor = 10E(og(krooa/Mbroth)/n)) (2.19)

When the average of the In(ufood) — IN(upred) Values is taken, it is
implicitly assumed that the probability distribution of this difference is
independent of the temperature and possibly other environmental factors
(MELLEFONT et al, 2003; NEUMAYER et al, 1997; BUCHANAN &
BAGI, 1997; GILL & PHILIPS, 1985); otherwise it would not be very
useful to take their average as a function of the conditions. The
temperature-independence of the bias-factor is a reasonable assumption
in case of the temperature, conceiving that all affecting biochemical
reactions speeding up or slowing down at the same proportion when
temperature changes. The assumption of temperature-independent bias
factor is equivalent to the existence of a minimum growth temperature for
the studied organism that is the same for the model and for the matrix on
which the model is tested as shown in Equation 2.20a and 2.20b. This
assumption has been made by quite a few authors (MILES et al, 1997,
CARLIN et al, 2013; ARYANI et al, 2015; ARYANI et al, 2016; BUSS
DA SILVA et al, 2017). Therefore, if Ratkowsky model is used to model
growth rate dependency with temperature, the bias factor can be
calculated by means of Equation 2.21.

v Mbroth = bproth (T — Trmin) (2.20a)

v Hfood = bfood (T = Tmin) (2.20b)
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2 2.21
bias factor = (bfo"d/b ) 221)
broth

where Tmin is the medium-independent theoretical minimum temperature
for growth; breod is the regression coefficient (slope) for Ratkowsky model
in food and by is the regression coefficient (slope) for Ratkowsky
model in culture medium.

2.2.4 Effect of stress on microorganisms growth at population level

As mentioned before, one of the major unsolved problems of
Predictive Microbiology is modelling the lag period preceding the
exponential growth phase of bacteria. Unlike the maximum specific
growth rate, the lag time depends on the cells history, not only on the
actual growth environment. The issue is even more complex when the
cells have gone through a sub lethal stress environment, such as high
temperature, low pH, and high salt concentration; In this case, the cells
would need an extra adaptation period to the new environment compared
to the case when they were not stressed at all.

A frequent observed bacterial growth pattern under stress
conditions, so-called “phoenix phenomenon”, was first described by
Collee et al (1961) for Clostridium perfringens grown at 50°C. This
phenomenon was characterized by a decrease in viable-cell numbers
immediately after inoculation, followed by an increase to the level of the
initial count and a subsequent continued increase beyond the inoculum-
level count. In later work (PARKHILL et al, 2000) the initial decrease
and increase in count were shown to be caused by an injury-and-recovery
process that could be eliminated by using strictly anaerobic conditions
during dilution and plating. (KELLY et al, 2003).

Similar behaviour was observed by Zhou et al. (2012) when
evaluating Salmonella growth from different osmotic histories in low
water activity conditions. Cell cultures were successfully diluted and
grown in batch, without and with NaCl, several times and from different
inoculum levels. The viable count curves present the phoenix
phenomenon, as shown in FIGURE 2.0.3. What is more, the results
suggest that periodic, systematic “training” can improve the adaptation
capability of the organism to the stress condition, without resulting in a
higher growth rate.
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Figure 2.0.3 - Viable counts for Salmonella spp. in culture medium with 3% salt.
From: Zhou et al. (2012).

In some other studies, the effect of stress on the growth is
revealed by simply a longer lag phase with no prior decline on the
population counts, like reported by Augustin et al (2000) when studying
Listeria monocytogenes. In their research, it was found that the more
severe is the stress, the longer is the adaptation needed to the
microorganism start dividing.

2.2.5 Effect of stress on microorganisms response at single-cell level
Bacterial growth is traditionally seen as the result of symmetrical
cell division generating a genetically identical progeny. However, it has
long been documented that within isogenic populations, bacterial cells
can present different phenotypes (VEENING et al, 2008). This microbial
cell individuality or phenotypic variation is getting increased attention
because of its relevance for cellular differentiation and implications for
the treatment of bacterial infections (SMITS et al, 2006). Amazingly,
many documented cases of phenotypic variability relate to responses to
environmental stresses, suggesting that phenotypic variation supports the
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survival of cells under adverse conditions and therefore may be a
gradually developed feature.

In some cases, the described heterogeneity is manifested by the
bifurcation into distinct subpopulations, being this phenomenon called
“bistability” (DUBNAU & LOSICK, 2006). Such behaviour has been
reported by many authors (KOIRALA et al, 2014; MAISONNEUVE &
GERDES, 2014; VEENING et al, 2008; DUBNAU & LOSICK, 2006) at
phenotypic and genotypic levels, but so far, no study has been performed
on the effect of a heat stress on the kinetic behaviour of survival single
cells of B. cereus.

Similarly to the population level, it is expected that a stressful
environment (or a pre-stress) would increase the single cell lag times and
influence also the probability of growth of the survival (but maybe
injured) cells. Kutalik et al (2005A) studied how different NaCl
concentrations influence the individual lag times. As can be seen in
FIGURE 2.0.4, for Salmonellae, an increase on NaCl concentration in the
growth medium results in a larger mean (individual) lag time and wider
spread in distribution. The same result was found previously by Robinson
etal. (2001) and by Augustin et al (2000) when investigating the effect of
the inoculum size on the lag times of Listeria monocytogenes.
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Figure 2.0.4 - Probability density functions of individual cell lag times for
different NaCl concentrations. From: Kutalik et al (2005A).

Lately, more and more studies concentrate on single cell lag
times (ELFWING et al 2004; FRANCOIS et al 2005; KUTALIK et al
2005B; PRATS et al 2008; PIN & BARANYI, 2008; BARANYI et al,
2009; ASPRIDOU et al, 2018). The reason for this is that, in practice,
pathogenic contamination is frequently caused by a few cells only.

An easy way to assess single cell lag times is by means of
turbidity measurements, while there is no easy way to sort single cells
into the wells of the Bioscreen microtitre plates. The usual procedure is
that cultures are diluted to a level such that a sample in a well should
contain only a few cells. With a sufficiently high dilution factor, the
majority of the wells will receive zero or one cell (BARANY | et al, 2009).
The disadvantage is that many wells will be empty and, for a statistically
robust distribution estimation, it is desirable to have as many positive
wells as possible, a minimum of about one hundred (BACANOVA,
2004).

The same experimental design described above can be used to
calculate the probability of growth of single cells (or fraction of cells able
to divide) and compare these values for stressed and non-stressed cells.
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This procedure described above have not been used so far with the
purpose of investigating differences on the probability of growth of
stressed and non-stressed single cells under growth-supporting
conditions, so this is one of the objectives of this study, using B. cereus
as a model organism and a pre heat-treatment as stress condition.
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3. B. CEREUS GROWTH IN RECONSTITUTED INFANT
FORMULAE (RIF) AND CULTURE MEDIUM AT SUBOPTIMAL
TEMPERATURES

3.1 Introduction

Bacillus cereus can endure ultrahigh-temperature (UHT)
pasteurization, resist spray drying and survive in final products
(MCAULEY etal., 2014). What is more, according to a review published
by the European Food Safety Agency (EFSA, 2005), B. cereus strains are
highly variable in terms of their tolerance to high temperatures and their
ability to grow. This is mainly dependent on their phylogenetic group
(CARLIN et al. 2013). Mathematical modelling can be a valuable tool to
assess and quantify this variability. Understanding how this
microorganism behaves after going through a heat stress in different
matrices is vital for the food industry. As mentioned in the Literature
Review (Chapter 2), a heat stress could affect the adaptation period of the
microorganism to the new environment, the lag phase, while a different
growing matrix must have an effect on the growth rate of the
microorganism. Moreover, establishing an approach to obtain a constant
correction factor between food and culture medium-based models that can
be somehow generalized to other foods and microorganisms would be
valuable for the food industry, since developing and validating a new
model to predict microbial behaviour during the manufacturing or the
shelf life of a food commaodity require extensive experimental work.

To quantify the similarity between prediction in culture medium and
observation in food matrices, the accuracy and bias factors, Af and Bf, of
Ross (1996) are commonly used for practical applications. A bias factor
Bf = 1 means that, in a studied region, on average, the model predictions
in culture medium are neither over-estimating nor under-estimating the
growth rate compared to the observations in the food matrix. However,
this could happen in such a way, too, that the predictions are
underestimations in one part of the region while they are overestimations
in the other part. It would be desirable that, for a certain matrix, the bias
factor is independent of the environmental conditions, primarily of the
temperature, at least in the normal physiological growth region of the
organism in question. In this case, culture-medium-based predictions,
could be readily applied to the food in question. Since culture media
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provide optimal substrate for the organism, the bias factor should
normally be less than 1.

This chapter presents the results of plate counts measurements of
Bacillus cereus growing in RIF and BHI under suboptimal temperatures
after going through or not a heat stress. The main objective is to evaluate
the effect, if any, of the growth factors - such as matrix and stress - on the
growth parameters and also to study how to better apply culture-medium-
based models to food scenarios. The paper published as part of this PhD
thesis entitled “From Culture-Medium Based Models to Food Based
Models: Application to Predict B. cereus Growth in Reconstituted Infant
Formulae” enclosed in ANNEX F is a significant part of this investigation
and gave support to the assumptions and investigations made during this
chapter.

3.2 Material and Methods

The experiments described below were performed in two different
laboratories and every time there were different practices among them the
respective text is identified as IFR (Institute of Food Research, Norwich,
UK) and/or NRC (Nestlé Research Center, Lausanne, Switzerland).

3.2.1 Bacillus cereus growth in RIF and BHI

3.2.1.1 Strain preparation

IFR: Three strains of Bacillus cereus were studied (B594, B596
and B577). After streaking each strain onto TSAye (Trypticase Soy Agar
with 0.6% Yeast Extract) and incubating for 24 h at 37 °C (to check for
purity), one isolated colony was picked into BHI (Brain Heart Infusion)
broth and incubated for 24 h at 37 °C. Then, 1 mL of the culture was
added to 1 mL of sterile 80% glycerol and 100 pL of this mixture was put
into sterile screw cap tubes and stored at -80 °C. One tube was used for
each experiment.

NRC: Stock cultures for five strains of B. cereus (B594, B596,
B626, B635 and B577) were used in these experiments. To prepare the
cryotubes, one cryobead of each strain from the Nestlé Pathogen Culture
Collection (NPCC) was placed into a BHI (Oxo0idTM, Hampshire, UK)
tube using a sterile needle and incubated for 8h at 37°C. After performing
a second culture for 18h at the same temperature, the purity of the
suspension was checked by streaking 10 pl of the suspension ona TSAYe
plate (OxoidTM, Hampshire, UK and Merck, Kenilworth, USA) to



53

achieve isolated colonies. If the suspension is pure, well-isolated colonies
(until the loop is filled with colonies) were taken with a sterile plastic loop
and put into a cryotube. After 1 minute of shaking, the tube was left for
an additional minute, then the cryoptrotectant was removed and the
cryotube stored at -18°C until used. Two working tubes were prepared for
each strain and stored at -18°C.

3.2.1.2 Temperature control

IFR: The water baths probes readings were checked against
certificated thermometer to set up the required temperatures for the
storage experiments. The probes were put into bottles containing 50 mL
of water to represent samples. Temperature was measured every ten
minutes and the average temperature for each experiment was considered
in the analysis.

NRC: Incubators were used and their temperature measured each
five minutes using a specific probe. The average temperature for each
experiment was considered in the analysis.

3.2.1.3 Determining heat up and cool down times

To determine the heat up and the cool down times, a heating
process was simulated and, with a probe sealed inside a tube containing
10 mL of water (at the same initial temperature of the milk (~45 °C)), the
temperature was measured at each 0.5 s. The heat up time is the time
needed to the water to reach 72 °C and the cool down time is the necessary
time to cool it down to 22 °C. This process was repeated three times to
check reproducibility.

3.2.1.4 Inoculum preparation

IFR: One tube of frozen stock culture was taken out and put into
10 mL of BHI and incubated for 24h at 30°C. Then 100 uL of this culture
was put into another 10 mL of BHI and incubated for 18h at 30°C.

NRC: Under aseptic conditions, the cryotube of the strain of
interest was opened and one of the beads was removed using a disposable
plastic needle and placed into a BHI tube. The vial was quickly re-caped
and returned immediately to the freezer. The BHI tube was incubated for
8h at 30°C. A second culture was then performed taking 100 pL of the
previous and inoculating another BHI tube stored for 18 hours at 30°C to
achieve a final concentration of 108 CFU/mL. In order to prepare the
inoculum, 0.1 mL of the final subculture was diluted into 100mL of the
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targeted medium (BHI or Reconstituted Infant Formulae (RIF)) to
achieve a concentration of 10° CFU/mL for the inoculum.

3.2.1.5 Stress characterization

The subculture was enumerated on selective media (Bacara,
bioMérieux) to assess the concentration prior to stress. The tube
containing 10 ml of BHI was preheated at 72 °C according to the heating
up time, the pressure was released with a sterile needle and 100 pL of the
subculture was injected into preheated tube. After 25 seconds, the tube
was removed from the waterbath and cooled down to 22 °C during the
pre-established cooling down time. The culture was then enumerated on
Bacara plates to assess the concentration after stress. The log reduction
due to the heat stress was then calculated. The procedure was repeated
three times to B577, B594 and B596 strains.

3.2.1.6 Temperature effect on B. cereus growth

In laminar flow cabinet, infant formulae powder was weighted
into sterile bottle and warm (~50°C); sterile water was added and then
mixed to dissolve. The reconstituted infant formula (RIF) was dispensed
into sterile tubes of 10 ml for heat treatment and sterile bottles of 50 ml
for storage experiments. Initial pH was measured. Two bottles, one
inoculated and one control, at each temperature were pre-incubated to
reach the storage temperature by the moment of inoculation. A tube of
RIF was preheated at 72 °C for 3.5 minutes and the pressure was released
when hot. The subculture (100 pl) was injected and after 25 seconds the
tube was removed to cool down for 20 seconds in a mixture of ice and
water. At each storage bottle, 0.5 ml of the heated milk was added and
samples for viable counts were taken (in triplicate) during a pre-establish
time. For B577 and B596 strains, seven storage temperatures were
studied: 9, 12, 15, 18, 22, 25, and 30 °C. For the B594 strain, the five
investigated temperatures were: 9, 12, 15, 18, and 22 °C. For B626 and
B635 strains, six temperatures were studied: 12, 15, 18, 22, 25, and 30
°C. For the storage experiments with unheated cells, the subculture was
diluted (1/100) and 0.5 mL of the dilution was added to the 50mL bottle
of RIF and stored at 22 °C. Selective medium plates (Bacara, bioMérieux)
were used for the plate counts during the storage experiments. The pH of
the control bottle of milk was measured in the beginning and in the end
of the experiment for all the temperature conditions and for the F4810/72,
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B626 and B635 strains, the pH of the inoculated bottles was measured
along the storage time as well. The same procedure was used for
experiments performed in culture medium (BHI (OxoidTM, Hampshire,
UK)).

3.2.1.7 Experimental design

The experimental design of the performed experiments is
presented in Table 3.0.1. It is important to notice that only B577 strain
has curves in both matrices with heated and unheated cells and, since it is
also the reference strain for the emetic group of B. cereus, it was chosen
to characterize the effect of these factors on growth parameters. B594
strain has no growth curves in culture medium, making it unmanageable
to assess any link between the two matrices for this specific strain.

Table 3.0.1 - Experimental design for B. cereus growth experiments in RIF and
BHI.

Strain  Matrix Stress Number of growth curves at
different temperatures
Heated 5
B577 BHI Unheated 12
Heated 15
RIF Unheated 10
BHI Heated 0
B594 Unheated 0
RIF Heated 12
Unheated 2
BHI Heated 0
B596 Unheated 6
RIF Heated 12
Unheated 9
BHI Heated 0
B626 Unheated 12
RIF Heated 0
Unheated 12
BHI Heated 0
B635 Unheated 12
RIF Heated 0

Unheated 12




56

3.2.1.8 Primary and secondary modelling procedure

The primary growth model parameters were obtained through the
fitting the model of Baranyi and Roberts (1994) described by Equation
2.5 to isothermal B. cereus growth data by the DMFit Excel Add-in
downloadable from the ComBase web site (www.combase.cc). As for the
quality of fitting assessment, (standard error (umax)/ 1max)<0.60 was kept
as the only criteria and it was based on visual observation of data against
fitted curves. Then, the square-root model of Ratkowsky (1982) presented
in Equation 2.12 was used to describe the effect of temperature on the
growth rate. For the ho parameter, the estimations and their standard
deviations were compared to analyse significant differences between
strains and medium. For the logarithm of the maximum population
density (Nmax), as this parameter is generally taken as a constant, only
some features related to temperature effect were investigated. An
ANOVA analysis was used to identify effect of medium and stress on
these two parameters (ho and Nmax). Strain variability analysis is presented
in Chapter 4.

3.2.1.9 Bias factor

The bias factor of Ross (1996) was used to assess the difference
between culture medium-based model and food model, following the
methodology suggested by Buss da Silva et al (2017), paper published as
part of this thesis. For more details, see item 2.2.3 of Literature Review
and ANNEX F, where the paper entitled “From Culture-Medium-Based
Models to Applications to Food: Predicting the Growth of B. cereus in
Reconstituted Infant Formulae” is enclosed. In summary, the Ratkowsky
model (Equation 2.12) with natural logarithm (In) link function and
square-root link function was used to regress growth rates against
temperature and their differences were investigated. The bias factor will
be estimated for each strain based on the link function presenting better
performance.


http://www.combase.cc/
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3.3 Results and Discussion

3.3.1  Growth of B. cereus in RIF and BHI

The effect of the applied heat stress prior to the B. cereus
inoculation on the respective population number was 2.00 +0.44 log
CFU/mL reduction on average. This value is valid for all strains and for
both studied media (BHI and RIF). The initial inoculum level was
calculated taking this value into account, showing reproducible levels.

3.3.1.1 Primary parameters

FIGURE 3.0.5 gives an example of the results obtained for the
growth experiments. Each curve represents the fitted growth curve to the
experimental data at a different incubation temperature for B635 strain in
BHI.

.
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Figure 3.0.5 - Fitted growth curves obtained for B635 strain in BHI at different
temperatures: 30 °C in blue, 25 °C in grey, 22 in green, 18 °C in orange, 15 °C in
yellow and 12 °C in red.

The raw data (log counts vs. time) are presented in ANNEX A
and the fittings of Baranyi and Roberts model (1994) to the experimental
data performed according to the experimental design (available in
TABLE 3.0.1) are in ANNEX B. The primary parameters were analysed
separately to investigate the effects of the medium, strain and temperature
on them. The physiological state (ho) allows an assessment of the lag
phase and the raw estimates will be used in this analysis, as well as for
the maximum population density (Nmax), Which expresses the upper
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asymptote of the growth curve. The specific growth rate parameter (Jmax)
was further evaluated through the secondary parameters obtained when
fitting the Ratkowsky (1982) model to the different estimates at the
studied temperatures. Based on quality of fitting criteria, only one growth
curve was excluded from the following analysis. It is important to
mention that only B635 strain was able to grow at the temperature of 10
°C (turbidity observation of an inoculated BHI tube), therefore all the
other strains tested at 9 °C were not able to produce a growth curve,
making these experiments not considered for further analysis.

3.3.1.1.1 The physiological state (ho)

The lag phase of the different experiments performed will be
investigated through ho parameter (ho=lag+umax). As explained in the
Literature Review (Chapter 2), a previous-to-inoculation stress could
have an effect on the lag phase, so that was the first assumption
investigated through ho. Merging temperature (assuming it does not have
an influence on hy, as its own definition says), but keeping stress and
medium factors separately and running an ANOVA analysis on these data
for B577 strain (which is the reference strain for the emetic group and the
only one with experiments performed with all possible combinations of
stress and medium), it is possible to observe there is no significant
difference (p=0.35) among heated and unheated cells, but there is an
effect of medium (p=0.00044), with hg values bigger in BHI than in RIF.
Since no significant longer lag time was identified for heated cells, heated
and unheated data can be merged for further analysis. It is possible that
the microbiological variability is bigger than the effect of stress on ho,
making it not possible to observe the significant difference. Or even the
heat treatment was not strong enough to change the cells physiological
state. TABLE 3.0.2 was built to identify trends in terms of stress effect
on hpand it can be seen that, on average, ho values are bigger for heated
cells, even though the uncertainty (here characterized by the standard
error) is quite big, being up to two times the actual hy value.

Table 3.0.2 - Average of ho values for each heated and unheated strain at each
medium and average of ho values for all heated and unheated strains at each
medium.

BHI RIF
heated unheated heated unheated
Strain | hg st ho st ho st ho st
dev(h) dev(h) dev(ho) dev(ho)
B577 | 2.83 0.52 227 174 1.67 0.61 0.44 0.88
B594 | x X X X 1.26 0.42 0.63 0.89
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B596 | x X 176 101 2.06 0.90 094  0.79
B626 | x X 224 111 X X 1.23 0.49
B635 | x X 046  0.69 X X 0.00 0.00
ALL | 2.83 0.52 166 141 1.69 0.73 0.66 0.77

X = no available data.

As a trend, it is possible to see in FIGURE 3.0.6 that, in general,
B635 strain has a smaller hp when compared to the others. For a further
analysis, plots with obtained ho values were built (FIGURE 3.0.7) to be
able to observe strain, medium and temperature variability.
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B577BHI X B577RIF B594 RIF B596 BHI B596 RIF
B626 BHI B626 RIF B635 BHI B635RIF

Figure 3.0.6 - All hy values obtained for strains B577 (in blue), B594 (in grey),
B596 (in orange), B626 (in yellow) and B635 (in green) in RIF (stars) and BHI
(circles) at different temperatures.

Table 3.0.3 - Average of hy values for each strain at different temperatures for
each medium and average of hy values for each strain at each medium.

BHI

st.
Strain 12°C 15°C 18°C 22°C 25°C 30°C average dev.
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B577 264 356 263 175 182 28 2.53 0.75
B596 2.68 0 271 192 133 193 1.76 1.01
B626 2.16 289 374 143 108 215 2.24 1.08
B635 0.69 0 0.76 0 0.67 0.67 0.46 0.38
B594 X X X X X X X X
RIF

st.
Strain 12°C 15°C 18°C 22°C 25°C 30°C average dev.
B577 167 191 086 122 1.37 0 1.17 0.68
B596 172 214 148 135 0.76 1.63 151 0.46
B626 134 116 144 15 043 152 1.23 0.41
B635 0 0 0 0 0 0 0.11 0
B594 048 106 141 15 X X 111 0.46

X = no available data.



61
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Figure 3.0.7 - ho values for BHI (first two rows) and RIF (last two rows) at
different temperatures. B577 strain in blue, B594 in grey, B596 in orange, B626
in yellow and B635 in green.

Looking at the histograms presented in FIGURE 3.0.7 built with
ho data presented in TABLE 3.0.3 it is possible to see the lower tendency
on the ho values for RIF when compared to BHI and also the B635 lower
ho values (most of the times equal to zero) for the same factor. As for the
temperature influence on the ho values, it is possible to say that higher ho
values come from the three lowest temperature investigated (18, 15, and
12 °C). Grouping ho data for BHI and for RIF for all strains, replicates
and temperatures, we obtain an average + standard deviation of 1.79 +
1.39 and 1.17 + 0.80 for BHI and RIF respectively. For a statistical
analysis (t-Test: Two-Sample Assuming Unequal Variances, in Excel),
one can conclude again that RIF and BHI are significantly different for
this factor (p-value = 0.0089). This was already expected, once the
inoculation medium in different and ho parameter is affected by both the
history of cells and the current growing environment. Also, growth rates
in RIF are lower than in BHI, as it will be analysed in section 3.3.1.1.3.2,
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and the ho value is obtained by the multiplication of the growth rate and
the lag time for the condition in question.

3.3.1.1.2 Maximum population density (Nmax)

Taking into account the estimated Nmax coming from the fitting of the
primary model (ANNEX B), the following observations could be derived.

FIGURE 3.0.8 shows that for strains B577, B594, B626 and B596
there is an increasing trend when temperature increases in BHI medium,
while in RIF the maximum population reached does not show any visual
relationship with temperature for conditions above 15 °C (FIGURE
3.0.9). This might be explained by the presence of a probiotic strain
within the RIF (KENT & DOHERTY, 2014). Thus, in a monoculture in
BHI medium the temperature dependency was easier to observe,
however, when co-cultured with another micro-organism in RIF matrix,
the Nmax reached by the B. cereus strains did not show any temperature
dependency in non-refrigerated temperatures. It is also possible to say that
at 12 °C there is a bigger variability on the estimated Nmax values for the
different strains, due to the fact this condition is closer to the boundaries
for growth when compared to the others. A previous study (LIANOU &
KOUTSOUMANIS, 2011) already suggested that variability among
microbiological growth data was larger when the growth conditions
became unfavourable.

Based on the ANOVA analysis output, there is no effect of stress
(p=0.39), significant effect of medium (p=0.00053) and no interaction
between these factors (p=0.24) on Nmax. In general, this parameter can be
considered constant (not expressively different between strains and
replicates) for temperatures ranging from 15 to 30 °C, being equal to
7.18 + 0.58 for BHI and 8.08 + 0.31 for RIF. For B635 strain, no visual
pattern for Nmax with the temperature could be concluded, either in RIF or
BHI.
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Figure 3.0.8 - Maximum population density (Nmax [log CFU/mI]) as a function of
temperature obtained in BHI for strains B577 (in blue), B596 (in orange) B626
(in yellow) and B635 (green).
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Figure 3.0.9 - Maximum population density (Nmax [log CFU/mI]) as a function of
temperature obtained in RIF for strains B577 (in blue), B594 (in grey), B596 (in

orange) B626 (in yellow) and B635 (in green).

3.3.1.1.3 Growth rate

In the same way as hg and Nmax, the growth rate was estimated by
fitting the Baranyi and Roberts model (Equation 2.5) to the raw data for
each experiment performed and its features will be analysed by means of
the secondary parameters when studying the dependency of the growth
rate with the temperature.

3.3.1.1.3.1 Secondary modelling

As for the growth rate dependency with temperature, to perceive
medium and strain variability, the parameters of Ratkowsky model
(Equation 2.12) were estimated for the five strains investigated and the
results are presented in Table 3.0.4. At this stage, all growth rates from
stressed and non-stressed cells were considered since there was no
significant difference among them (p-value>0.05).
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Table 3.0.4 — Parameters, confidence intervals (between brackets) and the
coefficient of determination from fitting of Ratkowsky model for B577, B594,
B596, B626 and B635 in RIF and BHI.

Medium Strain b [CI] (W"*%/°C) Tmin [CI] (°C) R?
BHI B577 0.0569[0.0483;0.0655] 4.27[1.87;6.67] 0.9220
BHI  B596 0.0544[0.0468:0.062]  4.13[1.69;6.57] 0.9757
BHI B626 0.0535[0.0461;0.0609] 3.00[0.48;5.52] 0.9502
BHI B635 0.0472[0.0406;0.0538] 2.15[-0.55;4.85] 0.9479
RIF B577 0.0467[0.0419;0.0515] 5.25[3.63;6.87] 0.9381
RIF B594 0.065[0.054;0.076] 9.44[7.80;11.08] 0.9256
RIF B596 0.0527[0.0471;0.0583] 6.53[5.13;7.93] 0.9449
RIF B626 0.0545[0.0501;0.0589] 5.23[3.91;6.55] 0.9798
RIF B635 0.0395[0.0347;0.0443] 0.919[-1.661;3.499] 0.9628

Assuming a normal distribution for the sample, the confidence
intervals were calculated from the estimates plus or minus two times the
associated standard errors. It is important to notice that there are no
significant differences between Tmin from BHI and RIF for each strain
once their confidence intervals overlap.
The plots in FIGURE 3.0.10 show the square root of the growth
rate against temperature and although the growth rates estimate looks
similar to each other, the trends are different among the strains. For
example, in RIF, B635 has the highest rates in lower temperatures and
lower rates at higher temperatures when compared to the other strains
trend, while the B626 strain show the opposite pattern, with the highest
rates in high temperatures.

BHI

Temperature [C]

eB577 B596 B626

B635

RIF

Temperature [°C]

«B5%4

Figure 3.0.10 - Ratkowsky model fittings in BHI and RIF with strains B577 in
blue, B594 in grey, B596 in orange, B626 in yellow and B635 in green strains.
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A simple and very visual way to compare these estimated
secondary parameters with others strains of B. cereus is by means of the
so-called b-line (BARANY  etal., 2017). In their study, the authors found
a biological relationship between the parameters b and Tmin for twelve
strains of B. cereus sensu lato divided into six different phylogenetic
groups, presented in Figure 3.0.11 as black dots. The four strains (B577,
B596, B626 and B635) to which it was possible to build a model in BHI
are shown in red dots in the same in Figure 3.0.11 and the interesting fact
is that they are in great accordance with the trend defined by the b-line.
This is a thought-provoking finding, because it means the Kinetic
parameters of a B. cereus strain do not arbitrarily scatter in the 4D-space.
This finding was evident for the cardinal temperatures, but has so far been
unknown for the b parameter.

0.15

0.1

c]

b [1/Nh

P S s

0.05 §

0
0 5 10 15 20
T [°C]

Figure 3.0.11 - B-line showing the correlation between b and Tmin parameters
from Ratkowsky model. In black, data and trend published by Baranyi et al
(2017). In red, four strains (B577, B596, B626 and B635) from this work.

3.3.1.1.3.2 Bias factor

The maximum specific growth rate of the strains B577, B596,
B626 and B635 were measured in both RIF and BHI, providing a good
opportunity to investigate the bias between food and culture medium
models.

The main concern about the bias factor estimation is regarding
which link function would make it constant with the temperature, without
adding a tendency to it.
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A first investigation was already published as part of this thesis
(see ANNEX F) and here in this section the subject will be further studied
once more data was produced since then. As in the referred publication,
the two link functions investigated are the square-root and the natural
logarithm of the parameter, once they are known as functions that
stabilize the variance around the model, feature required to have a
constant-with-temperature bias factor.

Plots with square-root of the growth rates against temperature
were prepared for each strain separately differentiating between the
estimates in RIF and BHI and Ratkowsky model (Equation 2.12) was
fitted to the data. The same procedure was repeated using the natural
logarithm link-function. It is important to remember that the only
assumption made so far is that each strain has the same Tmin in both media
(DELIGNETTE-MULLER & ROSSO, 2000), and in fact it was already
confirmed by the confidence interval analysis on the previous section: the
estimated Tmin in BHI and RIF for the same strain were not different at
95% significance level.

For both link functions, the absolute residuals were analysed to
check if any trend with temperature can be inferred and a summary of the
statistical analysis is shown in TABLE 3.0.5. The link function that
showed better performance in stabilizing the data variance around the
model seems to be the square-root(umax), once there was no correlation of
the residuals with temperature at 95% significance level (p-value>0.05)
for all strains and media (see Figure 3.0.12). For this reason, the square-
root link function was selected to estimate the bias factor in the present
work and the respective values are presented in Table 3.0.6.

This finding is not in accordance with the findings published in
Buss da Silva (2017). In that publication, the natural logarithm link
function seemed to be more appropriate for that data-set. Based on those
B. cereus data, the logarithm link function was more suitable to be applied
to the observed maximum specific growth rates when regressing them
against temperature to obtain the discrepancy between growth media. It
is important to notice that the authors had data coming from different
sources and taken from different measurement methods and also the
bigger scatter of the data (and consequently the major difference between
the two link functions residuals) occurred at low temperatures, just as it
is observed here. At these conditions it is not easy to keep the environment
constant for the required long time to reach the stationary phase, therefore
the environmental effects (ex. pH decrease in the medium) rather than
biological ones (linked to strain variability for example) can dominate the
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variance of the observed maximum specific growth rates (BUSS DA

SILVA et al, 2017).

Table 3.0.5 - p-values from analysis of correlation of absolute residuals with
temperature.

Square-root link  Natural logarithm

function link function

Strain BHI RIF BHI RIF
B577 0.055 0.473 0.04* 0.032*
B596 0.137 0.341 0.163 0.024*
B626 0.885 0.899 0.933 0.06
B635 0.673 0.323 0.383 0.863
*In italics, conditions where there was correlation

between the absolute model residuals and temperature at
95% significance level (p<0.05).
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Figure 3.0.12 - Absolute residuals for square root link function. BHI in full dots
and RIF in empty dots.

Observing the plots presented in Figure 3.0.13, for all the strains
there is a gap between the growth rates in RIF and the ones in culture
medium, the latter one being always bigger, as expected. For the different
strains, different bias factors were obtained using the square-root link
function, suggesting this factor is strain dependent. It is important to
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comment that the biggest bias factor was obtained for B626 strain, to
which the smallest gap between BHI and RIF curves can be observed as
well. A bigger bias factor (closer to 1) indicates a smaller disagreement
between growth medium and food growth rates.

Table 3.0.6 — Bias factors between BHI and RIF media estimated for each strain
with square-root (umax) link function.

Strain bias factor
B577 0.60
B596 0.70
B626 0.81
B635 0.79
B577 B596
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Figure 3.0.13 -Square-root (maximum specific growth rates) vs. temperature data
and fitted models for medium variability observation and bias factor assessment
for B577, B596, B626 and B635 strains in RIF (squares; dashed line) and BHI
(circles; continuous line).
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3.4 Conclusions and Considerations

In this chapter, the analysis considered viable count measurements,
focusing on evaluating the effect of two factors (stress and growing
medium) on the physiological state of the cells (ho) and on the maximum
reached population (Nmax), assessing the effect of temperature on growth
rates and how to use them to find a correlation between culture medium
based models and food models.

The only factor affecting ho and Nmax parameters is the growth
medium, while the heat stress seems to have no significant impact on
them. The square-root of the growth rates were regressed against
temperature using the Ratkowsky model (1982) and their Tmin estimate is
not significant different for BHI and RIF models for the same strain,
finding that gives support to the bias factor assessment.

Moreover, the bias factor between BHI and RIF growth rates was
estimated for each strain using the square-root link function once its
residual showed no correlation with temperature.

Strain variability will be discussed in more details during next chapter
with a more complete discussion on the boundaries for growth of emetic
strains.
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4. CARDINAL VALUES ASSESSMENT OF EMETIC B. CEREUS
STRAINS IN TERMS OF TEMPERATURE, PH AND WATER
ACTIVITY

4.1 Introduction

The B. cereus sensu lato phylogenetic construction was recently
divided in seven major phylogenetic groups showing clear differences in
their ability to grow at low or high temperatures and to cause food
poisoning (GUINEBRETIERE et al, 2008, 2010). Part of this broad
ability was already shown and discussed during Chapter 3 when
mentioning the b-line (BARANY et al, 2017).

Growth limits for temperature, pH or water activity are major
characteristics of foodborne pathogenic bacteria and important
determinants of food safety hazards. Numerous approaches have been
suggested to predict microbial growth in food and among those Cardinal
Parameter Models (CPM) (ROSSO et al, 1995) offer the advantage of
being suitable to simulate the effects of different environmental
conditions on growth Kinetics. CPM parameters have a direct biological
interpretation, once they provide minimum, maximum and optimal
conditions for growth as well as the maximum growth rate expected from
a specific microorganism or strain. To obtain these parameters, it is
desirable to have growth rates estimates embracing all the growth range
(or as much as possible) for each analysed environmental factor of the
microorganism in question. The simplest and recommended way to obtain
these growth rates are by mean of turbidity measurements, where the
increase of inoculated culture medium optical density (O.D.) with time is
associated to bacterial growth and translated into specific growth rates. It
is simple to modify broth pH and water activity by adding acid, base or
salt and possible to run turbidity measurements at different temperatures
by means of an automated turbidimeter making it an appropriate
technique to simulate the diverse environmental scenarios.

The aim of this chapter is to determine whether strains from the
same phylogenetic affiliation reveal similar cardinal growth parameters
and how are these related to growth limits of other emetic strains. Strain
variability will be investigated when discussing how the strains differ in
terms of their boundaries for growth. This chapter concentrates on
assessing specific growth rates by means of turbidity measurements with
the objective of estimating the cardinal values for three uncategorized
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strains of Nestlé Pathogen Culture Collection (NPCC) (B594, B596,
B626) in terms of temperature, pH and water activity and comparing these
estimations with references strains of the same phylogenetic group. The
application of the determined cardinal parameters for growth predictions
will be discussed in the next chapter which is focused on the validation of
the proposed models and assumptions made along this thesis.
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4.2 Material and Methods

4.2.3 Cardinal parameters estimation
4.2.3.1 Strains

Three of the working strains, B594, B596 and B626 were
characterized for their cardinal values for temperature, pH and water
activity. For this, turbidity experiments using Bioscreen equipment, (Oy
curves, Finland) were performed at different conditions to estimate the
respective growth rates.

4.2.3.2 Media preparation

To obtain the growth rates at different pH and aw conditions,
different BHI solutions were prepared.

The range of investigated pH was 4.23 to 9.66. It was obtained
by adding HCI or NaOH to BHI and then filtering the solution to make it
sterile.

The range of investigated water activity was from 0.927 to 0.997.
It was obtained by adding NaCl to the BHI solutions to obtain the targeted
aw and then sterilizing the solutions in autoclave. The water activity of the
sterilized solutions was then again measured. Both pH and aw experiments
were run at the temperature of 37 °C.

The range of investigated temperature was from 13 to 48 °C.
Regular BHI was used for temperature experiments at optimal pH and a.
For temperatures below 20 °C, it was necessary to keep the equipment in
a controlled cold room at 10 °C.

4.2.3.3 Inoculum preparation

Under aseptic conditions, one cryobead of the studied strain was
removed using a disposable plastic needle and placed into a BHI tube.
The vial was quickly re-caped and returned immediately to the freezer.
The BHI tube was incubated for 8 h at 30 °C and then a subculture of 0.1
ml was introduced in a BHI tube for an additional 18 h at 30 °C to achieve
a final concentration of 108 CFU/ml.

Two ten-fold dilutions of the subculture were prepared using BHI
broth adjusted to the experimental conditions to reach a concentration of
10% CFU/ml in the initial Bioscreen wells.

4.2.3.4 Turbidity experiments

For temperature experiments, each well of the microplates was
prefilled with 200 pL of regular BHI broth, except the first wells (colored
in red in FIGURE 4.0.1) dedicated to the inoculum. To obtain the specific



76

growth rates at different pH and water activity levels, each well of the
microplates is prefilled with 200 uL BHI broth with the targeted pH or
water activity. 400 pL of the inoculum are placed on the empty wells, then
binary dilutions are performed down in the column of inoculated wells.

The filled microplate(s) are placed in the Bioscreen automate
turbidity reader and incubated at 37 °C to study the pH and aw and at
several temperatures ranging from 12 to 48 °C to study the effect of
temperature. O.D. readings were performed at 600 nm each 10 minutes
with shaking. The Bioscreen C was run with continuous and medium
shaking for a pre-established period.

At the end of each experiment, purity checks of the final well of
each Bioscreen plate column was performed by streaking 10 pL of the
remaining dilution on TSAYe plates and incubating at 30 °C for 24 hours
to observe pure colonies.
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Figure 4.0.1 - Bioscreen plate design for cardinal values estimates — O.D.
experiments. Diluted subculture inoculated into red wells and binary dilutions
performed down in each column.

4.2.3.5 Growth rates estimation

If the inoculum goes through binary dilutions, then the difference
between the detection time (t4), defined as the time needed to reach a pre-
defined O.D. threshold for two successive curves, should be close to the
doubling time of the population, as can be seen in FIGURE 4.0.2. The
umax Was calculated as the negative reciprocal slope of the linear
regression between ty and the natural logarithm of the initial bacterial
concentration (In C) of the inoculated wells.
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Figure 4.0.2 - How to estimate generation time from O.D. curves. From: Rukundu
(2015).

Quality criteria for the estimated growth rates were defined as: a)
for temperature, R? bigger than 0.98 and, at least, seven dilutions
considered; b) for pH and aw, R? bigger than 0.95 and, at least, four
dilutions for a single rate estimate. The difference among the quality
criteria is due to the fact that the range on which growth is observed is
wider for temperature than for water activity or pH, to which growth
boundaries can be easily reached with 6-7 levels of the factor.

4.2.3.6 Estimation of cardinal values and confidence intervals

Once the growth rates were estimated for each condition and each
strain, MATLAB software (Version R2016a, Mathworks, Natick, MA)
was used to fit the respective cardinal model (described by Equations 4.1,
4.2 and 4.3) (ROSSO et al, 1995) to these data. In particular, the nonlinear
least squares curve fitting toolbox was used, with trust-region algorithm.
Before fitting, the response parameter, umax, Was rescaled by the square
root link function.

T < Thin, 0
v Hmax = {Tmin <T < Thnaxr Hope * T(T)}

T > T 0
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(4.1)
w(T)
— (T - Tmax)(T - Tmin)2
(Topt - Tmin)[(Topt - Tmin) (T - Topt) - (Topt - Tmax)(Topt + Tmin - ZT)]
aw < AWpip, 0
v Hmax = {awmin < aw < AWpay, | Hopt * a(aw)}
aw > aWpay, 0
(4.2)
alaw)
_ (aw B awmax) (aw B awmin)z
(aWopt - anin)[(aWopt - awmin)(aw - awopt) - (awopt - awmax)(awopt
pH < pHminl 0
R Hmax = pHmin < pH < pHmaxl Hopt * p(pH)
PH > pHpax, 0
p(pH) — (pH - pHmin)(pH - pHmax) (43)

(pH - pHmin)(pH - pHmax) - (pH - pHopt)z

The cardinal parameters Xmin and Xmax represent the value of X; factor
below and above which no growth occurs (umax is equal to 0), and Xopt the
value at which pmax is equal to popt and reaches a maximum (ROSS &
DALGAARD, 2004).

The gamma concept introduced by Zwietering et al (1996) and
described by Equation 4.4 considers the effect of the three factors when
assessing the maximum specific growth rate. Along this study, when one
factor is taken as a variable, the other two are considered constant and at
their optimal values, since they were not deliberately modified. It means
that the effect of each factor is always investigated separately.

HUmax = Hopt (T) a(aw) p(pH) (4.4)
To be able to compare the estimated parameters and their confidence
intervals with the ones obtained by Carlin et al (2013) for emetic strains,
the same procedure was reproduced on the data from this study and data
produced by those authors. The raw data of Carlin et al (2013) used in the
present work are available in the Supplementary Material of that
publication. For pH, once the authors only have suboptimal data for this

factor, the assumption (pHpyax = 2(pHope) — PHmin) Made by the
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authors was considered here (AUGUSTIN & CARLIER, 2000), to
decrease the number of parameters to be estimated to only three (uopt,
PHmin, and pHopt) and to increase the degree of freedom in the regression.
For temperature, four parameters were estimated (topt, Tmin, Topt, and
Tmax). FoOr water activity the maximum value (awmax) was fixed as 1
(CARLIN et al, 2013) and three parameters were estimated (topt, @Wmin,
and awopt).

The confidence intervals were estimated by means of ten thousand
Monte Carlo simulations for each strain and each environmental factor
(T, aw or pH) using the estimated parameters and root-mean-square error
(RMSE) for each factor (RMSEgiba), defined by Equation 4.5 and
assuming a normal distribution for the Vumax around the model
(RATKOWSKY et al, 1982; ARYANI et al, 2015):

(4.5)

N _ 2
RMSE,1ypa = Z (\/ﬁmaxPRED(i) \/ﬁmaxOBS(i))
global =

; N
i=1

where N is the number of data points for all strains and the same

environmental factor; \/ﬁmaxPRED(i)iS the square-root of i specific growth

rates predicted by the individual models for each strain at the specific

environmental factor and \/ﬁmaxOBS(,)is the square-root of i specific
3

growth rates measured for each strain at the specific environmental factor.

This RMSEgional quantified the error around the model in a consistent
manner. It is known that data variability increases with the amount of
collected data and having a single RMSE for all the strains and the same
factor would compensate the fact that the number of collected growth
rates for each strain is different even for the same factor. Once the
measurement procedure is the same, the strains belong to the same species
and even the same phylogenetic group, it is reasonable to assume the
scatter of the data around the model (characterized by RMSE) is the same.
For the data of Carlin (2013), the individual RMSE values were
considered, once the amount of data is lower, the data collection was
slightly different and performed in a different lab.
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4.2.3.7 Validation of cardinal parameters

The cardinal parameters determined in the present work were
compared to the ones obtained from Carlin et al (2013) for the same
phylogenetic group, F4810/72 (B577 in the present study) and F837/76.
The difference with other cardinal parameters was considered as non-
significant when confidence intervals at 95% of the cardinal parameters
of the compared strains were overlapping.
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4.3 Results and Discussion

4.3.1 Growth rates estimation

FIGURE 4.0.3 shows an example of the estimate of the specific
growth rate from the O.D. curves coming from Bioscreen. Plotting the
different detection times (obtained by setting the detection level for
0.D. = 0.4) vs. the respective dilutions (plate design in FIGURE 4.0.1), a
straight line with a negative value for the slope is expected. The specific
growth rate for the investigated condition is the absolute value of this
slope.

16
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Figure 4.0.3 - Example of estimating the specific growth rate from O.D. curves.
Broken line at left represents the detection level at O.D. = 0.4.

ANNEX C presents all the specific growth rates estimated by
means of procedure presented in FIGURE 4.0.3 for the three strains
(B594, B596 and B626) at each temperature, pH, and water activity
values used in this study.

4.3.2 Cardinal parameters estimation

The respective cardinal model for each environmental factor
(Equations 4.1 — 4.3) was fitted for each strain set of estimated specific
growth rates and the parameters with their confidence intervals are
presented in TABLE 4.0.1. The plots with the fittings and confidence
intervals are presented in Figures 4.4 — 4.6.
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Table 4.0.1 - Cardinal values and respective confidence intervals between
brackets for temperature, pH and water activity for B594, B596, B626, B577
(FA810/72), F837/76 and B635 strains.

Estimated | ggq, B596 B626 B577* F837/76%* B635***
parameter
() | 2731263 367354 3421329, 288[262 268[238, 223207,
Hopt 2.84] 3.8] 3.55] 3.15] 3.01] 2.38]
T (C) |882785 695(5.92 595[479; 70440, 825[511; 0.24[
min 9.86] 7.95] 7.08] 9.21] 10.83] 1.05;1.37]
T () | 36741361 40891404 4144[409 396[38.19 3944[37.7 37.55[366
ont 0;37.32]  2:41.33]  4;41.93]  ;40.90]  9;40.98]  2;38.31]
Ton(C) |475T[474 48400483 48.44[483 4B.00[479 47.99[479 4100[406
max 2;47.79] 5;48.49] 4;48.58] 9;48.04] 8;48.09] 4;41.93]
RZ
(Temperat | 0.9866 0.9758 0.9862 0.9649 0.9375 0.9634
ure)
RMSE
(Temperat | 0.0526 0.0745 0.0535 0.1073 0.1407 0.0898
ure)
Hmax (h™)
(37°C; |235[2.09; 219[1.91; 25[22;2.7 2.43[2.29; 2.4[2.2;2.5 2.09[1.94;
PHop; | 2.61] 2.46] 9 2.56] 9] 2.24]
aWbroth)
b | 4591433 469445 475457, 463456, 4.64[455 4.68[462;
PPmin | 4.75] 4.8] 4.81] 4.68] 4.69] 47
H 7.05[6.93; 7.08[6.97; 7.08[6.99; 6.82[6.79; 6.43[6.38; 6.58[6.54;
PPopt | 7 16] 7.18] 7.15] 6.85] 6.47] 6.62]
R (pH) | 0.8140 0.8384 0.8588 0.9292 0.8326 0.887
R('F\)":)E 02242 0249 0.256 01136 01523  0.1261
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Mmax (hl)
(37°C; |3.14[301; 3.00[2.85 3.38[3.24; 251[2.27; 2.32[2.09; 2.19[1.95;
aWepr; | 3:27] 3.14] 3.54] 2.85] 2.78] 2.67]
throlh)
AW 0.950[0.94 0.929[0.92 0.932[0.92 0.934[0.93 0.933[0.93 0.940[0.93
mn 19:0952]  6;0932]  9,0934]  ;0.939] :0.937] 5:0.994]
aw 0.990[0.98 0.992[0.99 0.992[0.99 0.992[0.98 0.994[0.99 0.993[0.99
opt

9:0991]  1;0.993]  1;0.992]  9:0.995]  10.998]  0;0.997]
R?(a,) |0.8972 0.9484 0.9494 0.9023 0.9250 0.8448

R('\;'S)E 01605 00744 00781 01493 01191 01605

*Raw data taken from Carlin et al. (2013), strain referred as F4810/72 in that publication; **Raw
data taken from Carlin et al, 2013, strain referred as F837/76 in that publication; ***Raw data
taken from Carlin, 2013, strain referred to as RIVM BC120 in that publication; Text in italics:
unknown gy conditions (not mentioned in Carlin (2013) what were the environmental
conditions in which they performed these experiments)
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Figure 4.0.4 - Cardinal models (continuous line) for temperature fitted to data
from this study (squares) for B594, B596 and B626 strains and fitted to data taken

from Carlin et al (2013) (dots) for B577, B635 and F837/76 strains. Dashed lines:
confidence limits.
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Figure 4.0.5 - Cardinal models (continuous line) for water activity fitted to data
from this study (squares) for B594, B596 and B626 strains and fitted to data taken
from Carlin et al (2013) (dots) for B577, B635 and F837/76 strains. Dashed lines:
confidence limits.
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Figure 4.0.6 - Cardinal models (continuous line) for pH fitted to data from this
study (squares) for B594, B596 and B626 strains and fitted to data taken from
Carlin et al (2013) (dots) for B577, B635 and F837/76 strains. Dashed lines:
confidence limits.

Looking at Figures 4.0.4 — 4.0.6 one can notice the difference on
the number of replicates for each factor level for strains of the present
study and the ones coming from the literature. For strains B594, B596 and
B626, umax replicates were obtained every time they were in accordance
with the quality criteria, while for strains B577, B635 and F837/76 there
is a much reduced number of umax replicates. This might have an impact
on the uncertainty linked to the parameters estimation. FIGURE 4.0.6
shows a flatter shape for strains coming from this work than from strains
coming from Carlin et al (2013) work, probably because of the difference
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on the temperature the experiments were performed by the present study
and by those authors. In the present study, the temperature values were
more far away from the optimal temperature for growth.

To build the prediction confidence interval, the assumption that
the square root rates normally distributed around the model
(RATKOWSKY etal, 1982; ARYANI et al, 2015) was taken. That being
the case, it is possible to assume the confidence will be the predicted value
plus and minus two times the standard error of fit (or RMSE in this study).
For strains B594, B596 and B626, to which the growth rates data were
directly assessed, a general RMSE for each condition was considered
(0.088 for temperature, 0.1061 for water activity, and 0.2467 for pH),
once the number of observations for each strain is different it is reasonable
to consider their scatter to be the same (once all the experimental
procedure was the same and they come from the same emetic group of B.
cereus). For B577, B635 and F837/76 strains, the growth rates data were
extracted from Carlin et al (2013) and the individual RMSE for each
fitting was considered (see values in Table 4.1).

It is important to notice that each of the cardinal models presented
in Equations 4.1 to 4.3 estimate uopt Value, what means that each strain
would have three different estimates for this parameter. The puopt
considered was the one coming from the estimation of cardinal
temperatures (Eq. 4.1), once the experiments were run with pure BHI
which is known as having the ideal pH and water activity and the optimal
temperature for growth will be properly identified by the fitting to the
collected data. The other estimates are presented in TABLE 4.0.1 as zimax
at certain pH, aw and temperature conditions.

All data points fall within temperature prediction confidence
limits for all the strains. Regarding water activity, B594 strain has a few
data points outside the confidence limits due to its individual RMSE being
bigger than the general RMSE for water activity. The same is true for
B596 strain regarding its pH model.
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Figure 4.0.7 - Predicted vs. observed specific growth rate based on cardinal model
fittings presented in Figures 4.4 - 4.6. Strain B594 in circles, B596 in triangles
and B626 in stars.

The residual plots presented in FIGURE 4.0.7 show the
discrepancy between predicted and observed specific growth rates where
the straight diagonal line represents the case where predicted values are
equal to observed data. For all strains, residues were homogeneously
distributed on both sides of the line of perfect agreement for temperature
and water activity (to a less extend) models. For temperature the data were
very close to the identity line, while for water activity there was a
distribution from both sides of the line and for pH areas of over and
underestimation were observed. As expected, knowing RMSE values, the
factor with bigger and smaller dissimilarity are pH and temperature
respectively. For water activity as the considered environmental factor,
the only noticeable trend is that for B594 strain the bigger umax observed
data are overestimated. It is also possible to notice that the bigger
discrepancy for pH data occurs at bigger umax estimates with the model
underestimating the real umax values. The opposite happens for smaller
umax Values, where the model overestimates its real value. Biesta-Peters et
al (2010) also observed a bigger uncertainty when assessing B. cereus
growth rates by means of turbidity measurements for different pH values,
especially at low values close to the growth boundary, resulting in higher
RMSE values when fitting the cardinal model due to unrealistic tmax
estimates.

In general, for temperature the data scatter around the model is
small compared to the other factors and fairly constant with the increase
of umax. Analysing the plots presented in FIGURE 4.0.4, it is perceptible
that the bigger scatter of the data for a single temperature measurement
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occurs close to the optimum temperature for growth, where umax reaches
it maximum values and where the expected data variability would be
smaller due to the good development of the microorganism (BIESTA-
PETERS et al., 2010; CARLIN et al, 2013). A simple assumption to
explain this unexpected behaviour would be the fact that the detection
time (necessary time to reach the O.D. detection limit) for the higher
concentration wells is smaller than the O.D. measurement time interval,
making the slope from which specific growth rates are determined
influenced by interpolation.

4.3.3 Validation of cardinal parameters

By means of the estimated parameters and their confidence
interval it is possible to compare the boundaries of growth for five emetic
strains (B594, B596 and B626 from NPCC and other two from group 111
of emetic strains published by Carlin et al (2013) (F4810/72 and
F837/76). Parameters estimated for B635 strain (RIVIM BC120 in Carlin
et al (2013)) are also presented in TABLE 4.0.1 once this information is
required in the next chapter, even though no comparison among this strain
and the others was prepared because it belongs to other phylogenetic
group what makes its parameters projected in a different range.

The comparison between the main cardinal parameters and their
confidence interval for the five emetic strains considered in this work are
presented in FIGURE 4.0.8 and FIGURE 4.0.9.
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Figure 4.0.8 - Cardinal parameters and their confidence interval for the models in
terms of water activity and pH for B594, B596, B626, B577, and F837/76 strains.
*Raw data taken from Carlin et al (2013) and re-fitted according to procedure proposed in this
study.
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Figure 4.0.9 - Cardinal parameters and their confidence intervals for the models
in terms of temperature for B594, B596, B626, B577, and F837/76 strains. *Raw
data taken from Carlin et al (2013) and re-fitted according to procedure proposed in this study.

In FIGURE 4.0.9, one can observe a bigger confidence interval
for wopt, Tmin, and Topt parameters of strains from Carlin et al (2013) when
comparing to the those from strains of this work. It is due to the
differences on the experimental design, once the model identifies bigger
uncertainty around the regions where less data is given. Table 4.0.2 was
built to summarize the significant differences among the pairwise strains,
where the symbol # means there was significant difference among the two
strains compared, while the symbol = means there was no significant
difference between them.

Table 4.0.2 - Pair-wise analysis of significant differences for the cardinal
parameters of different emetic strains.

Cardinal B594 B594 B594 B594 B596 B596 B596 B626 B626  B577

Parameter & & & & & & & & & &
B596 B626 B577 F837 B626 B577 F837 B577  F837 F837
176 /76 76 176

Mo [T | £ #
Tmin [OC] = ;ﬁ

£ £ £ # =
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Topt [°C] + * * + = = = + = =
TwlCl | #  # #£ # = # # # # =
PHumin = = = = = = = = = =
PHopt = = = + = + + + + +*
AWmin * * * + = = = = = =
aAWopt = = = = = = = = = =

Based on Table 4.0.2 there was no statistical difference (p-
value > 0.05) between the cardinal values in 49 out of 80 pairs of
compared data, i.e. an agreement in 61.2% of the cases. When comparing
his results with the literature, Carlin et al (2013) obtained a similar
agreement of 58%. The higher percentage of agreement equal to 90% (9
out of 10 pairs of compared data with no significant difference) was
obtained for Tmin parameter. This high agreement was favoured by large
confidence intervals on Tmin for estimates for Carlin et al (2013) strains,
which do not exist for the other cardinal temperatures for instance. The
agreement was particularly high for pHmin and awep: (100% of pairs of
compared data with no significant difference). The agreement was lower
than 50% for popt, Tmaxand pHopt. The smaller confidence interval of Tmax
parameter can be responsible for this low percentage of agreement
between the strains for this parameter. For pHqp: parameter, there was no
significant difference among strains of this study, but all the possible
combinations involving Carlin et al (2013) strains were significantly
different, suggesting that the experimental design can influence the
parameters estimates.

Strain B594 seems to differ from the all the others in terms of
Topt, Tmax @nd awmin. This might have been affected by the fitting quality
of the water activity model for B594 strain, which was the one showing
the least satisfactory performance compared to the other strains. Strains
B596 and B626 are equal in all parameters.

An intra-group variability was also observed by Guinebretiére et
al (2008) and Carlin et al (2013) when analysing boundaries of growth in
terms of pH, aw and temperature for different B. cereus group of strains.

It is very interesting to notice that there is no significant
difference between all the strains for the Tmin parameter, except for
B594/B626 pair. For the plate counts data, there is no significant
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difference between all the strains (see TABLE 3.0.4) when the Ratkowsky
model was used. The confidence intervals of Tmin as a Ratkowsky
parameter are generally bigger than the ones from Tmin as a cardinal
parameter, what could justify the fact that there is no difference between
B594/B626 pair. In that analysis, just suboptimal temperatures for growth
were studied (up to 30 °C), being a different model fitted to the data, what
could have had an influence on this observation, as well as the influence
of the only two parameters (b and Trmin) of the suboptimal model have on
each other, for example a higher b (slope) would somehow leads to a
higher Tmin (point where the line crosses the x axis). For the cardinal
model fitting, the whole range of conditions in which growth was
observed was considered for the parameters estimation. Also, the bacteria
concentration was assessed using plate counts in Chapter 3, while here in
Chapter 4 the optical density was used for the cardinal values assessment.
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4.4 Conclusions

The specific growth rates by means of turbidity were estimated
according to the specified quality criteria and the cardinal models for
temperature, pH and water activity were fitted to the experimental data
for each strain separately with R? bigger than 0.938 for temperature
models; R? bigger than 0.845 for water activity and 0.814 for pH. Indeed,
the cardinal model for pH was the one that showed worst performance
when fitted to the data, probably because estimating growth rates at
unfavourable pH conditions increases the estimates uncertainty and
consequently the variability between replicates.

Based on the estimates presented along the chapter for the
investigated emetic strains, popt varies from 2.68 to 3.67 ht; Tmin from
5.95 °C t0 8.82 °C; Topt from 36.74 °C t0 41.44 °C; Tmax from 47.57 °C to
48.44 °C; pHmin from 4.59 to 4.75; pHop from 6.43 to 7.08; awmin from
0.929 to 0.950 and awgp: from 0.990 to 0.994.

Significant differences on the estimated parameters could be
identified and an agreement of 61.2% was obtained when comparing the
strains by pairs. The agreement was 100% for pHmin and awep. B594
estimated parameters seem to differ more from the all the other strains.
Strains B596 and B626 are equal in all parameters.

Knowing the big diversity of B. cereus species, it is clear that
there is a correlation between the cardinal parameters for strains coming
from the same phylogenetic group in terms of the three environmental
factors investigated. Foodborne poisonings caused by the emetic group
will likely be a consequence of storage at abuse temperature and although
able to multiply in some refrigeration conditions, these strains represent
a much lower risk of food poisoning in this case. Thus, these cardinal
parameters could be used to generate predictions and assess the different
growth abilities of B. cereus emetic strains and, together with other
studies, be applied to B. cereus quantitative risk assessment.
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5. PRIMARY AND SECONDARY MODELS VALIDATION

5.1 Introduction

Given the importance of predictive microbiology models to food
industry, impacting on HACCP, shelf-life determination, product
formulation, process enhancement, and so on; it is essential to evaluate
their performance and limitations in order to define a model's viability for
use in an operational setting.

As explained along the previous chapter, data used to obtain
cardinal values are acquired in laboratory media. However, the
predictions agree more or less successfully with observations of food
products (CASTILLEJO-RODRIGUEZ et al, 2002; WALLS & SCOTT,
1996). Therefore, validation of the model proves to be required.

Such evaluation can be made by means of internal and/or external
validation of primary and secondary models. A confrontation of the
predictions with the data used to build part of it can be understood by
internal validation, while for external validation a new set of data needs
to be produced or literature data taken to confirm and test the ability of
the models to predict microbiological behaviour in the food/group of
foods of interest.

In this chapter, the main idea is to integrate information from
previous chapters in order to show how the collected information,
proposed models and analysis made so far can be applied to real food
scenarios. The objective is to validate the suggested models and
modelling approaches with data produced in this work and also
originating from the literature. Since temperature is the major factor of
interest in the food industry (McDONALD & SUN, 1999), the studies
stated focus on that aspect. This will be performed through internal
validation of the secondary and the primary models, then through an
external validation of the secondary model.

For the secondary model internal validation, two approaches will
be tested and their main difference is on how to estimate zop in RIF, being
the cardinal temperatures considered the same as for culture medium
(DELIGNETTE-MULLER & ROSSO, 2000) for both approaches.

For the primary model internal validation, both secondary model
validation approaches will be used to estimate the growth rate at specific
conditions together with hg and Nmax to generate predictions in terms of
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log counts vs. time and the viable counts in RIF will be tested against the
prediction to evaluate models predictive ability for each strain.

As for the secondary model external validation, a general model
for growth of emetic strains of Bacillus cereus will be proposed and
validated with literature data from various individual strains and cocktails
of strains growing at different temperatures in a range of dairy products.
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5.2 Material and Methods
5.2.1 Internal validation

5.2.1.1 Secondary models

In order to evaluate the prediction ability of the cardinal model
for temperature when applied to food scenarios, cardinal parameters in
terms of temperature estimated in Chapter 4 (see Table 4.0.1) will be used
and considered the same for RIF, as they are considered specific for the
studied strain but independent from the medium. The only parameter that
needs to be adjusted to adapt the model to the RIF is popt, ONCe it is
medium dependent. Estimation of uopt in RIF was performed by means of
umax Values in RIF from viable counts experiments (Approach-A) or by
means of bias factor (Approach-B), as described below.

5.2.1.1.1 Approach-A:

Here, in this Approach-A, uopt in RIF (uf5%) estimation follows a
modified version of the methodology proposed by Pinon et al (2004). In
their study, the authors used the cardinal temperatures estimated in culture
medium, once z(T) in Equation 5.1 is medium independent, and a set of
viable counts experiments in the new medium of interest at different
temperatures as a way to estimate u5;. For each 1,4, estimation from
the i kinetics (or growth curves; these presented in TABLE 3.0.1), a ufp;,
is estimated for that medium by means of

rip _ Hmax; (5.1)
.uopti - T(T)

where ugy is the estimation of uopt in RIF for each i Kinetic; f,qyis the
estimated umax for each i kinetic by means of fitting the primary model of
Baranyi and Roberts (1994) to the experimental data and z(T) is the factor
presented in Equation 4.1. To estimate the optimal specific growth rate
(u55%), an average between the i estimations is made for each strain by
means of Equation 5.2.

RIF _ II.'(=1 :ugll)lzl (52)

opt — k

where k is equal to the number of growth Kinetics in RIF for each strain.



100

Note that according to this methodology, only the cardinal
temperatures (Tmin, Topt, Tmax) are considered, and no use of uopt in culture
medium was made.

The model confidence limits were calculated in the same way and
considered the same wide as the original model built in broth, meaning
that the same RMSEgioba (Equation 4.5) was considered. Doing so, it is
guaranteed that there is no overestimation of the model confidence limits,
once food data are generally more erratic making predictive models in
food to have a bigger uncertainty around the estimates (BARANY 1 et al,
2014).

Approach-A of estimating wopt in RIF focus on calculating this
parameter for each of the strains from independent growth curves of B.
cereus in the food of concern. Coupled with cardinal temperatures (from
fitting of cardinal model to culture medium turbidity data), a cardinal
model in terms of temperature for RIF is built for each strain and such
predictive model is compared with RIF growth rates. A simplified step-
by-step procedure is described below:

1) Determine the maximum specific growth rates in RIF from
fitting Baranyi and Roberts model at different temperatures
for each strain

2) Estimate uf,¢. by means of Equation 5.1;

3) Use Equation 5.2 to estimate g, as an average of ug;. for
each strain;

4) Take cardinal temperatures (Tmin, Topt, Tmax) €Stimated by
means of turbidity experiments in culture medium for each
strain (TABLE 4.0.1);

5) Create cardinal model for the growth of each strain in RIF
with ﬂggg, Thmin, Topt and Trmax;

6) Estimate model confidence limits considering RMSEgiobal for
temperature equal to 0.088.

5.2.1.1.2 Approach-B

In this methodology, uopt in RIF will be estimated by means of
bias factor (see respective values in Table 3.0.6), according to Equation
5.3 below:

Hgllﬂlz = /"ggtl * bias factor (5.3)
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where pugf is the maximum specific growth rate in RIF at Top and 5
is the maximum specific growth rate in BHI at Top cOming from fitting of
cardinal model to turbidity data (see Table 4.0.1).

The model confidence limits were calculated in the same way
proposed in Approach-A and deliberated the same wide as the original
model built in broth, meaning that the same RMSEgiba (Equation 4.5)
was used for the calculations.

The internal validation of the secondary model estimating u5p; by
means of the bias factor followed the simplified step-by-step procedure:

1) Take cardinal values (u5,¢, Tmin, Topt, Tmax) estimated by means
of turbidity experiments in culture medium for each strain
(TABLE 4.0.1);

2) Take bias factor estimated by means of the quantified
dissimilarity between growth rates obtained by viable counts in
BHI and RIF (TABLE 3.0.6);

3) Estimate uj,¢ by means of Equation 5.3;

4) Create cardinal model for the growth of each strain in RIF with
u’g{,’;. Tmin, Toptand Tmax;

5) Estimate model confidence limits considering RMSEgiona for
temperature equal to 0.088.

5.2.1.1.3 Secondary models performance analysis

In order to evaluate the performance of the proposed secondary
models to food scenarios the Root Mean Square Error was adopted here
to compare among-strains performance and both Approach-A and -B of
secondary model validation.

n
RMSE = Z (\/:umaprED - \/.umaxogs)z

n

(5.4)

i=1

Where fhnayx,ppp, 1 the predicted maximum specific growth rate [h™],
Hmax,ps 1S the observed maximum specific growth rate [h?] obtained by
fitting the Baranyi and Roberts (1994) primary model to log counts data
and n is the number of observations for each growth curve.

Root mean square error (RMSE) is a widely used measure of the
goodness-of-fitting. The larger the RMSE value, the less accurate is the
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agreement between predicted and observed growth rates and it may be
used as a simple measure of the level of confidence one may have in the
model’s predictions.

5.2.1.2 Primary models

The two approaches suggested for secondary model validation
were used to predict growth rates in RIF for every strain of this study at
different temperatures. Together with ho estimates per strain and stress
(see values in Table 3.0.2), Nmax average per medium (Nmax =8.08
log(CFU/mL) for RIF; see item 3.3.1.1.2) and No fixed as the initial
observed log counts for each kinetic, it is possible to simulate growth
curves (log counts vs. time) using the primary model of Baranyi and
Roberts (1994) (Equation 2.5). The simulations were performed with
DMFit Excel Add-in downloadable from the ComBase web site
(www.combase.cc). The simulations were then one-by-one compared to
the experimental data in RIF.

In order to compare the predictive ability of growth rate
secondary model approaches and the assumptions made for hy and Nmax,
RMSE rediction Will be calculated for each strain as shown in Equation 5.5.

(5.5)

RMSEprediction =

n
2 (logcountspggp, — logcowfttsmgsi)2
_ n

=1

where logcountspggp, are the i predicted log counts [log(CFU/mL)];
logcountsggg, are the i observed log counts [log(CFU/mL)] and n is the
number of observations used in the calculation.

5.2.2 External validation
5.2.2.1 Secondary models

The external validation of the secondary model was performed
taking into account strain variability, meaning that once literature data
comes from a variety of strains or cocktails of strains, a general model for
the growth of emetic strains in RIF was created using the information
obtained from the cardinal values estimation and uf.} estimated
according to Approach-A (see Equations 5.1 and 5.2). The aim was to
check whether this general model can be extrapolated and is suitable to
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predict growth rates for the growth of a diversity/mix of strains of B.
cereus in dairy products.

To create the model, an average of the cardinal values (u&p;, Tmin,
Topt, and Tmax) among five strains of this study (B577, B594, B596, B626,
and B635) was performed and these average estimates used to create an
expected trend. The confidence limits of such trend were calculated using
confidence limits of the individual models for each strain, considering as
the lower limit the one of the strain that presents the higher Tmin and lower
Topt, u&5i, and Timax and, as the upper confidence limit, the one of the strain

that presents the lower Tmin and higher Topt, u55¢, and Tmax.
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5.3 Results and Discussion
5.3.1 Internal validation
5.3.1.1 Secondary models
5.3.1.1.1 Approach-A
The estimated pf}% are presented in Table 5.0.1 Coupled with
cardinal temperatures showed in TABLE 4.0.1, a cardinal model for the

growth of each strain in RIF is built using Equation 4.1 and shown in
Figure 5.0.1.

Table 5.0.1 — Estimated optimal specific growth rates in RIF according to
Approach-A.

Strain Al 0]

B594 1.46
B596 2.36
B626 2.97
B635 1.68

B577 2.36
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Figure 5.0.1 - Secondary models validation. Continuous line: cardinal model in
RIF according to Approach-A. Dashed lines: confidence limits. Dots: specific
growth rates observed in RIF.

As a general trend, it is sensible to say that the proposed model
can, in general, predict the growth rates within the confidence limits
range. Only for B577 strain, three out of twenty-five growth rates (12%)
fall out of the model confidence limits, even if the proposed model is a
proper generalization of the strain growth rates, it would only allow 5%
of the data to be not represented. It is important to notice that the model
confidence limits were built using RMSE values coming from fitting of
turbidity data in culture medium, describing a scenario where the data
variability is generally smaller compared to the log counts data. This
could influence the model predictive ability when confronted with data
from food matrices. Also, looking at the estimates of the cardinal values
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for B577 (Tmin, Topt), they have larger confidence intervals than the other
strains, probably due to different experimental designs and lower number
of umax replicates per temperature level. This uncertainty around the Tmin,
for example, will have an impact on the estimation of the u55; and, at the
validation step, on the simulations. The proposed model for this strain
shows an inclination to overestimate the growth rates, especially for
temperatures above 18 °C, once the observed growth rates are all below
the estimated trend line. Another possible explanation for this is that for
temperatures close to the optimum, B. cereus is metabolically very active,
as a consequence an acidification of the medium could be observed. As
we move away from the optimum pH, then the growth rate becomes
smaller because of the dynamic evolution of the pH, then the apparent
growth rate at a given temperature is smaller than the one we would have
obtained, for example, if the experiment was performed in a pH regulated
medium.

Table 5.0.2 brings RMSE values calculated according to
Equation 5.4. These values can be used to compare the model in terms of
their agreement with the observed data for each of the strains, but also to
compare both approaches of secondary model internal validation. The last
one will be done after presenting Approach-B results. As a main
inference, the poorest agreement between predicted and observed growth
rates occur for B577 strain, due to a probable overestimation of 155, when
following the technique investigated here.

Table 5.0.2 - RMSE values for predictive performance evaluation of Approach-
A

Strain RMSE
B594 0.067
B596 0.059
B626 0.043
B577 0.102
B635 0.041
ALL 0.073

5.3.1.1.2 Approach-B
Estimated u¢ for each strain are presented in Table 5.0.3 and in
Figure 5.0.2 the models and experimental data are shown.
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Table 5.0.3 — Optimal growth rates in RIF estimated by means of Approach-B.

Strain uapd [ Bias factor ape [

B596 3.67 0.70 257

B626 3.42 0.81 2.77

B635 2.23 0.79 1.76

B577 2.88 0.60 1.73
Sos H ai 1

Temperatize ['C] Tempersnure [°C]

Figure 5.0.2 - Secondary models validation. Continuous line: cardinal model in
RIF according Approach-B. Dashed lines: confidence limits. Dots: specific
growth rates observed in RIF.

The proposed model can predict the growth rates within the
confidence limits range for all studied strains. This result indicate that the
model gives correct predictions for the effect of temperature on growth
rate for RIF. RMSE values presented in Table 5.0.4 indicate values
smaller than 0.07, endorsing that the individuals RMSE are smaller than
RMSEgiobar used to build the confidence limits. This observation confirms
the fact that all data sets fall within the model confidence interval.
Moreover, the hypothesis of the food-independent Tmin, Topt, aNd Tmax Was
confirmed by the good predictive ability of the models.
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Table 5.0.4 - RMSE values for predictive performance evaluation of Approach-
B.

Strain RMSE
B596 0.048
B626 0.051
B577 0.070
B635 0.045
ALL 0.057

5.3.1.1.3 Comparison between Approaches-A and -B

Estimated uf; for each strain are presented Table 5.0.1 (Approach-
A) and Table 5.0.3 (Approach-B). For B596, B626 and B635 strains the
estimations differ in less than 10%, while for B577 strain Approach-B
estimation is 27% lower than Approach-A. This higher estimation for
Approach-A can be a feasible explanation for the overestimation of
growth rates above 18°C for that method resulting in a higher RMSE
(=0.102) when compared to Approach-B (RMSE=0.070). No possible
conclusion can be derived for uf; estimates of B594 strain, once its bias
factor was not estimated.

When grouping all data, Approach-B has a RMSE 22% smaller than
Approach-A (0.057 compared to 0.073). Smaller individual RMSE for
B577, B596 and B626 strains were also observed. Only for B635 strain,
Approach-A proved to be slightly better (RMSE=0.043 compared to
0.045 for approach B). In general, it can be inferred that Approach-B is
more suitable to be applied when using cardinal models to predict growth
rates of B. cereus in food matrices.

This result can be a reaction to the fact that g, estimates are not
independent of temperature (0.00075<p-value<0.0012) for all studied
strains, making their average value (ugy;) not consistent, while the bias
factor estimates proved to be independent of the temperature (as analysed
during Chapter 3). The predictive power of both approaches is presented
when evaluating primary model validation.

5.3.1.2 Primary model
5.3.1.2.1 Using Approach-A to predict growth rates in RIF

Table 5.0.5 summarizes the parameters used to simulate growth
curves for every strain at each temperature and stress condition. The u
growth rate is the scale-transformed specific growth rate estimated from



109

the cardinal models in RIF for each strain by means of the logarithm base
conversion (u=umax/2.3), ho estimates come from its analysis made during
Chapter 3 (section 3.3.1.1.1) by means of which the lag time can be
estimated (lag = ho/u), and Nmax average comes from the RIF Nmax
estimates for all strains (see 3.3.1.1.2 for more details).

Table 5.0.5 - Summary of parameters used in simulations of growth curves;
growth rates estimated according to Approach-A of secondary models.

Str:a' heated unheated
T n Nimax U Iag Nimax
[°C | [logCFU | ho | lag[h] | [log(CFU/ | [logCF ho [h] [log(CF
1 /h] mL)] u/h] U/mL)]
~ 12 0.03 1.67 | 50.71 8.08 0.03 044 | 13.36 8.08
5 15 0.10 1.67 | 17.34 8.08 0.10 0.44 457 8.08
@ 18 0.19 167 | 8.83 8.08 0.19 044 | 2.33 8.08
22 0.35 1.67 | 4.75 8.08 0.35 0.44 1.25 8.08
25 0.49 167 | 3.38 8.08 0.49 044 | 0.89 8.08
30 0.75 167 | 2.24 8.08 0.75 044 | 059 8.08
o 15 0.06 1.26 | 19.53 8.08 0.06 0.63 9.77 8.08
B~ 18 0.13 1.26 | 9.33 8.08 0.13 0.63 | 4.67 8.08
22 0.26 1.26 | 4.92 8.08 0.26 0.63 2.46 8.08
12 0.04 2.06 | 58.83 8.08 0.04 0.94 | 26.85 8.08
15 0.09 2.06 | 23.45 8.08 0.09 0.94 | 10.70 8.08
S 18 0.16 2.06 | 12.63 8.08 0.16 0.94 | 5.76 8.08
m |22 0.30 206 | 6.98 8.08 0.30 0.94 | 3.18 8.08
25 0.41 2.06 | 4.97 8.08 0.41 0.94 2.27 8.08
30 0.64 206 | 3.21 8.08 0.64 0.94 1.47 8.08
12 0.06 1.23 | 22.33 8.08
15 0.12 1.23 | 10.08 8.08
9 18 0.21 1.23 5.75 8.08
@ |22 037 | 123 | 331 | 808
25 0.51 1.23 2.39 8.08
30 | No experiments with heated cells for 0.79 123 | 157 8.08
12 B626 and B635 strains 0.08 0.00 | 0.00 8.08
15 0.13 0.00 0.00 8.08
3 18 0.20 0.00 0.00 8.08
R [22 030 | 000 | 0.00 | 808
25 0.39 0.00 0.00 8.08
30 0.56 0.00 0.00 8.08

Some aspects and limitations of the elected predictive approach
can be identified when confronting simulated growth curves with the
experimental data. Some examples are shown in Figure 5.0.3, where (A)
and (D) shows good agreement between predictions and observations due
to accurate prediction of lag time, growth rate and maximum population
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reached at two specific conditions for B577 and B596 strains; (B)
prediction underestimates lag time and overestimates growth rate as a
consequence of having ho as an average and knowing the secondary
model for B577 overestimates the growth rate at this temperature (see
FIGURE 5.0.1); (C) presents reasonably good estimation of lag time and
growth rate at initial stage of growth, but the small difference between
Nmax and No (small increase of log counts with time) makes the model
overestimate the final observed bacterial concentration. Since a simple
average was taken to obtain Nmax in RIF for all strains, this overestimation
of the maximum concentration reached is also observed for other strains
(except B635) at lower temperatures and was already expected as
commented in along Chapter 3. In this case, the fact that observations
continue to increase while the prediction is already at its maximum
suggest the need to improve both Nmax and pmax predictions.

A (B)

o e
—m e o

B577; 25°C; heated

loggounts [log(CFUAmL]
- v oo

logeounts [log)

30 40 30

1 e

B577; 12 °C;heated

logeounts [log(CFUAnLY|
o -

B596; 18 °C. heated

0 100 200 300 400 0 20 40 60 80 100
Time [h] Time [h]

Figure 5.0.3 — Examples of primary model validation using Approach-A from
secondary model to estimate growth rates. Simulated growth curve (continuous
line); experimental data (dots).

In order to evaluate how agreeable the predictions are with the
whole collection of observed data, RMSEgrdiction (Equation 5.5) was
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calculated for each strain and presented in Table 5.0.6. Plots with
predicted vs. observed log counts for each strain are shown in FIGURE
5.0.4.

Table 5.0.6 - RMSE values for predictive performance evaluation of Approach-
A when applied together with ho and Nmaxassumptions to simulate primary growth
curves.

Strain RMSE prediction RMSE prediction RM Seprediction
total unheated heated
B577 0.752 0.529 0.836
B596 0.463 0.425 0.488
B594 0.328 0.321 0.329
B626 0.390 0.390 X
B635 0.250 0.250 X
ALL 0.580 0.433 0.682

Xx=no available data.

The secondary model limitations are reflected on the simulated
growth curves and consequently on RMSE values and on the plots of
predicted vs. observed log counts. For this reason, a bigger scatter around
the equivalence line as well as a tendency to overestimate the observed
data is observed for B577 strain. Smaller RMSE and better agreement
between predicted and observed log counts are observed for B635 strain,
followed by B594, B626 and B596 strains.
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Figure 5.0.4 - Observed vs. predicted logcounts for all studied strains using
Approach-A to simulate growth rates coupled with hy and Nmax assumptions. In
red: heated cells. In black: unheated cells.
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5.3.1.2.2 Using Approach-B to predict growth rates in RIF

In the same way as described along Approach-A validation
analysis, Approach-B of secondary model for growth rate together with
ho and Nmax assumptions were used to simulate growth curves and
confront them with experimental data. To illustrate the main improvement
from modelling point of view using Approach-B, FIGURE 5.0.5 was built
and shows how a correct prediction of the growth rate can also improve
the estimation of the lag phase by means of ho (lag=ho/u). As expected, it
is very clear the improvement of the log counts prediction for this strain
at temperatures above 18 °C due to more precise estimation of the growth
rate, influencing the prediction of lag time as well. The prediction of
maximum population reached did not change from Approach-A to
Approach-B, once it was considered as a fixed value for both cases.

The time needed to reach the safety threshold contamination
level of 5 log(CFU/mL) for B. cereus (EFSA, 2005) according to both
approaches will differ in about five hours: 10h for Approach-A and 15h
for Approach-B and, while from a modelling perspective Approach-B
predicts log counts is a much more reliable way, Approach-A is more
conservative for this single example, making the predictions fail-safe.
Independent of the selected predictive approach for the application it is
important to know their limitations and make use of a (so far arbitrary)
buffer time in order to give safer predictions.



114

B577; 25°C; heated
10

:
8 o : 3
é 7 i L]
B
&) 6
B
o 5
z
g 4
=
]
=71} 3
=
2
1
0
0 5 10 15 20 25 30 35 40 45 50
Time [h]
®  Experimental data Prediction - approach A  ——--- Prediction - approach B

Figure 5.0.5 - Example of primary model validation using Approaches-A
(continuous line) and -B (dashed line) from growth rate secondary model to
illustrate improvement resulting from Approach-B. Experimental data (dots).

Table 5.0.7 presents RMSEprediction (Equation 5.5) values for each
strain and stress condition as a measure of how agreeable the predictions
are with the observed data. The respective plots with predicted vs.
observed log counts for each strain are shown in FIGURE 5.0.6. It is
interesting to notice that for both approaches of estimating growth rate
the biggest RMSE values are attributed to B577 strain. This strain is also
the reference strain for emetic B. cereus and the one with the bigger
amount of collected log counts data, probably reflecting in quite a realistic
way the real data variability expected for the phylogenetic group. Here in
Approach-B, the data are scattered around the equivalence line indicating
a tendency to not overestimate or underestimate the log counts, differently
from what happens in Approach-A. This is also valid for all the other
investigated strains.
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Table 5.0.7 - RMSE values for predictive performance evaluation of Approach-
B when applied together with hy and Nmax assumptions to simulate primary growth

curves.
Strain RMSE prediction RMSEprediction RMSE prediction
total unheated heated
B577 0.465327 0.496226 0.449541
B596 0.493465 0.457304 0.516778
B626 0.33784 0.33784 X
B635 0.423911 0.423911 X
ALL 0.453379 0.436324 0.471137
X = no available data.
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Figure 5.0.6 - Observed vs. predicted logcounts for all studied strains using
Approach-B to simulate growth rates coupled with ho and Nmax assumptions. In
red: heated cells. In black: unheated cells.
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As already suggested during secondary model validation,
Approach-B proposes a more robust model for growth rates estimation
that together with hg and Nmax produces predictions more in accordance
with the observations and seemed to be more suitable to be applied when
predicting the behaviour of B. cereus in food matrices. The biggest
limitation of this method is that a prior estimation of bias factor is needed
for each of the matrices of interest (and perhaps each of the strains), what
can increase the laboratory workload and costs for the food industry, once
the ideal is to have a wide range and same number of replicates of
measured growth rates for both culture medium and food matrix to obtain
a robust bias factor estimation.

5.3.2 External validation
5.3.2.1 Secondary models

For the external validation of secondary models, Approach-A
was selected to estimate pfh; once it presented a wider range for this
parameter estimates considering the strains investigated. The creation of
a general secondary model for emetic strains was prepared using the
average cardinal values (Tmin, Topt, Tmax, and pfp;) between all emetic
strains (B577, B594, B596 and B626) with upper boundary built with
model confidence limits for B626 strain once it presented the minimum
Trmin, Maximums Topt, Trmax and pf5; and with lower boundary built with
(lower) model confidence limit for B594 strain, once it has maximum Tmin
and minimums Top, Tmax and pfh;. The values are summarized and
presented in TABLE 5.0.8. Comparing the predictions to external B.
cereus growth rates data coming from literature gives an idea of how the
model can be considered as generic. Selected literature data were: in RIF
(BURSOVA et al, 2018), Combase data in milk (DUFRENNE et al, 1995;
FSA-FMBRA/UK; HARMON & KAUTTER et al, 1991; 1ZS-BS;
MANSOUR & MILLIERE et al, 2001; MIKOLAJCIK etal, 1973; MEER
etal, 1991; PENNA et al, 2002; RODRIQUEZ & BARRETT, 1986; STU,
WONG et al, 1988) and Nestlé data in dairy products for different strains.
As implemented before, here the square-root transformation was used to
stabilize umax variance; the same transformation was used by Aryani et al
(2015) when validating secondary models for Listeria monocytogenes
after testing different link functions.
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Table 5.0.8 - Cardinal values used for creation of general model for B. cereus
emetic strains

Parameter Average Lower boundary Upper boundary
(B594 strain) (B626 strain)

tepe [ 2.29 1.46 2.97

Tmin [°C] 7.40 8.82 5.95

Topt [°C] 39.44 36.74 41.44

Tmax [°C] 48.10 47.57 48.44

Note that the actual upper boundary is equal to the predicted
Vumax for B626 strain using cardinal values presented in TABLE 4.0.1
plus two times RMSEgiqbal for temperature (=0.088). The lower boundary
is built analogously, being equal to the predicted Vumax for B594 strain
minus two times RMSEgional for temperature.

According to Guillier (2016), for the validation of secondary
models for growth or inactivation, more and more studies are based on
data extracted from existing literature data. The modelling of data from
different studies raises particular difficulties. Datasets should not be
selected just because they lead to favourable results for the model.
Similarly, one should not exclude a dataset just because it represents
disagreements to the simulated values. It is therefore necessary to define
the criteria for inclusion of data and take into account the fact that
validation is also the place to check the range of application (food types)
of the model. In this context, the model proposed here should be suitable
to be applied to a range of dairy products with pH and water activity
within the optimal development range for B. cereus. FIGURE 5.0.7
presents the proposed secondary model with its confidence limits and the
collected data from literature.
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Figure 5.0.7 - External validation of secondary model for emetic strains.
Continuous line: predictive model. Dashed lines: C.I. In blue: literature data in
RIF. In red: Combase data in milk. In purple: Nestlé data for dairy products.

FIGURE 5.0.7 shows the variability of the external data collected
over a temperature range from 5 to 30°C. Very few points are collected
at temperatures above 30°C. This means that the validation of the model
in the high temperature region will be not possible.

Overall, the proposed model presents a good predictive
performance, once the vast majority of the literature growth rates data are
within the model suggested boundaries. More precisely, the model
predictive accuracy for growth rates is 88% (with onlyl6 out of 130
collected data out of C.I.). Two main limitations of the validation
procedure are the fact that it is not always possible to find data in the
literature for a specific phylogenetic group of B. cereus and, as mentioned
before, this is a species with wide behaviour in terms of temperature and
the fact that it is difficult to find data for the specific media the model was
built for (RIF in this case). These two factors combined increase the data
variability considerably and despite them, the proposed model seems to
be suitable for practical application.
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5.4 Conclusions

The objective of this chapter was to evaluate the predictive
performance of models and assumptions made along Chapters 3 and 4
when applied to food scenarios.

The predictions of B. cereus in RIF made with the cardinal
parameter values using turbidity experiments in culture medium
combined with challenge test data and based on the bias factor, were
satisfactory. Considering the cardinal temperatures are medium-
independent, Approach-A, which took an average of individual uf}; as
this parameter estimate, seemed to overestimate this parameter for one of
the strains (B577), what resulted in a clear overestimation of log counts
when primary growth curves were simulated. On the other hand,
Approach-B, using bias factor to estimate uj,¢ showed much more
reliable predictions for all strains. The assumptions made for hg and Nmax
seemed to respond well for most of the cases, confirming the statement
that a simple average is enough.

The creation of a general model for emetic strains of B. cereus
was developed using cardinal temperatures obtained for the different
strains investigated and gy estimated according to Approach-A.
Confronted with literature data from different sources and from a variety
of dairy products, the proposed model showed good performance with
88% of the collected growth rates within the confidence boundaries.
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6. PROBABILITY OF GROWTH OF B. CEREUS INDIVIDUAL
CELLS AFTER PRE-INOCULATION STRESS

6.1 Introduction

One of the most important areas of quantitative microbiology is
bacterial Kinetics. It can be described by rates, such as the number of cell
divisions or cell deaths in a unit time, or the production rate of a specified
metabolite. However, for a single cell, it is difficult to interpret and
measure these quantities directly. At low levels of cell concentrations, the
probability of division (or death) of a single cell becomes the main
parameter, from which the respective population level parameters can be
inferred. A simple example for this is the probability whether a single cell
can generate an exponentially growing subpopulation.

Any system or equipment able to identify the turbidity in a
culture broth can be used to detect bacterial growth (turbid / no-turbid
after an experimental time). A popular example is the Bioscreen C (Oy
Growth Curves Ab Ltd, Helsinki, Finland). This equipment allows to
monitor many bacterial cultures simultaneously and it is frequently used
in growth probability assessments (LOWDIN et al, 1993; LEE et al, 2011;
AHMAD et al, 2015). Its working principle is based on the following
idea: A homogeneous cell population is distributed over a large number
of wells (typically 50, 100, 200 or even 400, if several equipment can be
used), targeting an inoculation of one cell per well concentration.
However, it is difficult to guarantee that the inoculum level is exactly one
cell per well, and the number of inoculated cells is normally just expected
to be low. Besides, the turbidity readings refer to the generated growing
subpopulation of the inoculated cells, and not to those initial cells directly.

Despite these difficulties, the probability of growth of an
inoculated cell can be estimated efficiently and reliably by turbidity
measurements. To achieve this, the number of cells per well before and
after running the experiment is assessed by:

i) plate counts of a sample of the culture prepared for
inoculating the wells (an a-priori estimator denoted by
7);

i) imeans of the proportion of wells not becoming turbid
during the experiment (an a-posteriori estimator
denoted by p).
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These can then be used to estimate the probability of growth for a single
cell by g = p/#. Finally, the accuracy of this probability estimate is
assessed by the respective accuracies of the counter and the denominator.

This study aims to identify the difference, if any, between the
probability of growth of stressed and non-stressed B. cereus cells and
increase the confidence of experimenters in using the turbidity methods
to assess this probability.

TABLE 6.0.1 - NOMENCLATURE AND MEANING OF SYMBOLS AND
ASSUMPTIONS.

Notation Meaning

E(), Var(), Expected value, variance and deviation (square-root of variance)
o() of a random variable

c, ¢, me Number of colonies on a plate, its estimator and its expected value
m.= E(c). If E(¢)=m, then the estimator is unbiased. Typically, 50
< m < 200.
Since the total number of cells in the primary culture is typically
107 or more, ¢ follows the Poisson distribution, therefore its
expected value is equal to its variance:
E(¢) = Var(¢) =m

r, 7, m Number of cells inoculated in a well, its estimator, and its expected
value. 7 is calculated from ¢ by means of a small, constant factor
a<<l. Its value depends on the used dilution, which is a linear
operation, so # is unbiassed, too.
m=E(#)=E(a-¢)=a-m; and Var(f)=Var(a-¢)=a®>m=a-m,

w Total number of wells; a constant. Typical values are 50, 100, 200
or 400. Each well is inoculated by a random number of cells
following the Poisson distribution.

P, P, My Number of cells per well, its estimator and its expected value
E(p)=m,.
Wo Number of wells showing no growth (negative wells). The random

variable w-wg follows the Bernoulli distribution with the success
probability z, where success is if a well is positive (i.e. it shows
growth). Then E(wo/w) = 1-z



re[E(D)]

rd(p)

125

If p = -In(wo/w), then, as it turns out, m, < E(p) (p is a biased
estimator).

Modified estimator for p, to make the estimation close-to-unbiased
in the studied region. p’ = -In(wo/(w-2))

No growth / growth indicator; a {0, 1} binary event for a single
inoculated cell, its estimator, and its expected value: the probability
of growth for a single cell). No-growth is defined here by the event
that the well containing the cell remains non-turbid (that is, within
the experimental time, the inoculated cell does not generate OD-

detectable cell population). The estimator for g is: g = p/F

Accuracy coefficient for p (or relative error for E(p)):
re[E(@)] = (E(p) —mp) / m,

Efficiency coefficient (relative deviation) of the g estimator:
rd(p) = o(p)/ E(p)
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6.2 Material and Methods

6.2.1 Probability of growth of stressed and non-stressed B. cereus
individual cells

The aim of this part on probability of growth experiments is to
evaluate the effect of the heat stress on the subsequent growth of single
cells at different temperatures. Thus, the potential of growth of both non-
stressed and stressed cells could be investigated and compared as well as
their individual lag times. In this part, just the reference strain B577 for
the emetic group was used and the following temperatures were
investigated: 15, 22, 25, 40, and 47 °C to evaluate if the temperature of
the recovery medium after the stress had an impact on the individual
behaviour of stressed and non-stressed cells and on their probability of
growth.

6.2.1.1 Inoculum preparation
The same inoculum was used to prepare heated and unheated
cells, to be studied at a population and single cell level.

6.2.1.1.1 Unheated cells

Under aseptic conditions, one cryobead of B577 strain was
removed using a disposable plastic needle and placed into a BHI tube.
The vial was quickly re-caped and returned immediately to the freezer.
The BHI tube was incubated for 8 h at 30 °C and then a subculture of
0.1 ml was introduced in a BHI tube for an additional 18 h at 30 °C to
achieve a final concentration of 108 CFU/ml.

To fill the wells dedicated to population level (coloured in red in
FIGURE 6.0.1), two ten-fold dilutions of the subculture were prepared
using BHI broth adjusted to the experimental conditions to reach a
concentration of 108 CFU/ml in the initial Bioscreen wells.

6.2.1.1.2 Heated cells

To obtain heat-stressed cells, a 10 mL BHI tube is preheated for
3.5min at 72°C, then 100 pl of the 18 h subculture (prepared as
described in 3.1.1 section of Chapter 3) is injected into it and heated at
72 °C for 25 seconds and quickly removed from the water bath to be
cooled to 22 °C during 20 seconds in a mixture of ice and water.

6.2.1.1.3 Single cells inoculum

The methodology suggested by Guillier and Augustin (2006) was
used in this part of the work and can be briefly described as following.
The Poisson distribution, with 0.42 cells/well allows to have in 80% of
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the wells showing growth a maximum of one single cell per well and no
more than 35% of the inoculated wells were expected to show growth.
Therefore this 0.42 cells/well is a suitable target.

6.2.1.2 Population growth rate for heated and unheated cells

To obtain the growth rates for heated and unheated cells from the
wells dedication to population kinetics, the same method was used as
when estimating growth rates for the cardinal values estimation
(described in section 4.2.3.5 of Chapter 4).

6.2.1.3 Plate design

The plate design used for the probability of growth experiments is
shown in FIGURE 6.0.1 where the first 90 wells were dedicated to single
cell studies (to assess the number of growing wells and the correspondent
individual lag time in those wells) and the last 10 wells to assess the
growth rate at population level. The wells 1 to 100 (first plate) were
always used for unheated cells and wells 101 to 200 (second plate) for

heated cells.
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Figure 6.0.1 - Bioscreen plate design for probability of growth experiments. In
red, the wells dedicated to population level; in blue they were dedicated to single
cell level.
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6.2.1.4 Calibration curve

To be able to calculate the concentration on the bacteria at the
chosen threshold, a calibration curve with B577 strain was performed by
measuring the O.D. for different concentrations of the inoculum. It is
presented in ANNEX E.

6.2.1.5 Data analysis

In case of a low inoculum (wells 1 to 90 dedicated for single cells),
from the distribution of the detection times, the individual lag times can
be estimated, according to Equation (6.1) (METRIS et al., 2003).

InNy —lnN0> (6.1)

Hmax

Ti:tdi_(

where t;, = detection times; zi = individual lag times; Nq = number of cells
in the well at detection level; No = initial number of cells in the well (1
CFU); Mmax = maximum specific growth rate.

The probability of growth will be estimated according to § estimator
(Equation (6.11)), which will be presented along 6.2.2.3 section. The
probability of growth estimator compares two methods of assessing the
average number of cells per well: method 1 as the a-priori estimator (see
6.2.2.1) and method 2 as the a-posteriori estimator (see 6.2.2.2)

6.2.2 Optimization of turbidity experiments to estimate the probability of
growth for individual bacterial cells

6.2.2.1 A-priori estimation using plate count method

A basic assumption behind plate count methods is that one cell
in the sample produces one colony. The number of colonies on a plate is
a random number, ¢ that follows the Poisson distribution (WIMMER &
ALTMANN, 1996) since the colonies are from a population orders of
magnitude bigger than the sample from which the colonies were plated.
Its expected value is in the order of 100, so, for the optimization studies,
the region where 50 < c=E(¢) <200 will be considered. Due to the
Poisson assumption, the variance of ¢ is the same as its expected value.
Furthermore, when estimating the expected number of initial cells in a
well, a factor a can be calculated from the used dilutions. This factor is
typically around the reciprocal of ¢ once the theoretical aim is a single
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cell inoculated in a well. From these, the accuracy of the 7 estimator can
be assessed by its relative deviation as shown by Equation (6.4).

r=E(f)=E(a-é)=a-c (6.2)

Var(?) =Var(a-é) =a%?-c=a-r (6.3)

/ p 6.4
rd(F) = Vc;r(r)z\/g (6.4)

6.2.2.2 A-posteriori estimation using turbidity results

When inoculating the plate for turbidity observation (e.g.
Bioscreen), a diluted culture consisting of N cells is distributed among w
wells, where w << N. As described in the previous section, the number of
initial cells producing detectable turbidity follows the Poisson
distribution, with the expected value p. An estimator for o can be obtained
by using the number of the so-called negative wells, in which either no
cells were inoculated, or the cells did not produce turbidity. Let this
(random) number of negative wells be denoted by wo. The expected value
of the fraction wo/w is z=e*?, from which an estimator for pis (BARANY!I

et al., 2009):
W
5 In ( M;)) (6.5)

Here the properties of this estimator are investigated for small
values of p when the occurrence of non-turbid wells is very likely.

Consider the event for a well that does not become turbid as the
success in a Bernoulli trial. The size of the trial is w and z = e is the
probability of success, while the wy number of successes follows the
binomial distribution.

Prob(wg = i) = (f) Zi(1 = )t (i=0..w) (66

The estimator cannot interpret the wo = 0 and wo = w situations,
which in effect means that the experiments where all the wells are
positive, or all the wells are negative are discarded. This results in the
conditional distribution with b; probabilities:
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. (ril)Zi(l _ Z)n—i ' (6.7)
Prob(w0=l)=bi=1_[(1_Z)n+zn] (i
=1,..,w-1)

The (conditional) expected value of the estimator is therefore

E(p) = —Wiln (%) b;
i=1

It is desirable that the estimator is at least close-to-unbiased, i.e.,
its expected value is close to the parameter it intends to estimate. Besides,
the smaller the relative deviation of the estimator, the more efficient it is.
First, concentrating on the accuracy of the estimator, defined by its
relative error from the parameter it intends to estimate

E@)—p (6.9)

(6.8)

re[E(P)] =

Secondly, the efficiency of the estimator is studied, which can be
quantified by

JVar(p) (6.10)
rd|pl = —/——
[A] 0)
Notice that Eq. (6.9) is a comparison with the real value p, while
Eq. (6.10) is the relative deviation of the estimator (which is a random
variable). In summary, Eq. (6.9) is about the accuracy of the expected
value of the estimator, and Eq. (6.10) is about the scatter of the estimator.

6.2.2.3 Estimating the probability of growth

A way to estimate the probability of growth of single cells is to
compare the a-priori and the a-posteriori estimators for the number of
cells per well, described in sections 6.2.2.1 and 6.2.2.2 respectively. This
approach was proposed by Baranyi et al (2009) and it is presented in Eq.
(6.11).

§= "/A (6.11)
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For stability reasons, it is reasonable to consider its logarithm
instead:

In(§) = In () — In(#) (6.12)

Remember that the two estimators are independent (so are their
logarithm values), therefore the variance of their sum is the sum of the
respective variances, i.e.,

Var(In(g)) = Var(In(p)) + Var(In(#)) (6.13)

This gives an opportunity to estimate the error of the In(g)
estimator based on the approximation that small relative error of a
variable is close to the error in its natural logarithm.
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6.3 Results and Discussion
6.3.1 Probability of growth of stressed and non-stressed B. cereus
individual cells

As mentioned before, the probability of growth of individual
cells is inferred comparing a-priori (p) and a-posteriori () methods of
assessing the average number of cells per well (see Equation 6.11). If the
actual a-posteriori concentration is significantly lower than the a-priori
concentration, the fraction of cells able to divide in the wells during the
experiment time is less than 100%. For this, it is important to have
rigorously defined assumptions and proper confidence limit calculations.

The input data needed by Method 1 are the triplicate plate counts
and the dilution factor; for method 2, the only information needed is the
total amount of inoculated wells (w) and the number of negative wells
observed after running the experiments (wo). The confidence limits were
obtained by assuming a normal distribution of the number of cells in the
plates for method 1 and, for method 2, the Poisson distribution of the cells
in the wells (WIMMER & ALTMANN, 1996).

Thus, with this information for every replicate at the different
tested conditions, it is possible to compare method 1 and method 2 of
assessing the average number of cells per well for heated and unheated
cells. As can be seen in FIGURE 6.0.2 there is no significant difference
between the average number of cells per well assessed by means of
method 1 and method 2 for each of the replicates. The same behaviour is
observed for all the replicates at all temperature conditions (see ANNEX
D for all the other respective plots). This result means that at some extent
all the replicates have 100% probability of growth, not leading to any
conclusive significant difference between the potential of growth of
heated and unheated cells for all the tested conditions (temperatures
between 15 °C and 47 °C). This can be an interesting result, once the
assumption was an underestimation of the potential of growth of these
stressed cells. Now, in fact, it is known that as much care as with non-
stresses cells need to be taken into account. Regarding the methods
confidence interval, the a-posteriori estimator is always bigger due to the
bigger uncertainty of the method.

Next section of the results was built with the idea of analysing
the properties of 7 estimator and consequently optimizing probability of
growth experiments.
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Figure 6.0.2 - Comparison between average number of cells per well according
to method 1 (dots) and method 2 (squares) for each replicate of the experiments
with heated cells at 15 °C (top) and for unheated cells (bottom).

6.3.2 Optimization of turbidity experiments to estimate the probability of
growth for individual bacterial cells

To decrease the uncertainty in assessing the growth probability,
this optimization is performed to increase the number of wells where
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growth can be observed (higher than 35% of wells showing growth
provided by the Poisson distribution) while making sure that not too many
cells (less than 3 cells) are present in the wells showing growth.

Considering the pragmatic 50 to 200 colonies on a plate (a-priori
estimation), the relative error of the a-priori estimator will be less than
10%. For the a-posteriori estimation, if 0.5 < p <3, then the expected
fraction of negative wells is between 5 and 60%, the expected value of
the p estimator is always smaller than p, as shown in FIGURE 6.0.3(A).
Therefore, this estimator is biased. To make it at least close-to-unbiased,
the estimator was modified according to Equation (6.14).

5 =—In (W‘Af 2) (6.14)

FIGURE 6.0.3 (B) shows the effect of this modification. For any
w number of wells, the ideal value of p, where the estimator is unbiased,
is ca. p=1.6 cell per well, corresponding to ca. 20% negative wells
(wo = 0.2w). For the studied w =50, 100, 200, and 400, the expected
value of the estimator approximates the p parameter within ¢ = 3%
accuracy in intervals that increase with w. The accuracy of the estimators
is characterized by the relative difference between the expected value of
the estimator and the parameter it intends to estimate.

A B

Figure 6.0.3 - Accuracy of the estimators p (A) and its modification p’ (B).
Continuous blue: w=50; dash-dotted orange: w=100; dotted green: w=200;
dashed yellow: w=400.

Combining the 5% accuracy and maximum efficiency of the
estimator p' (FIGURE 6.0.3 (B) and FIGURE 6.0.4, respectively), a
desirable range is presented in
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TABLE 6.0.2. For this, a simple criterion was established based
on visual observation of the graph: for each w, take the global minimum

—~

value of rd[p'] +1.5%, which corresponds to the region where

N

rd[p'] has a local minimum for all w values (FIGURE 6.0.4). Maximum
efficiency of the estimator coincides with its minimum relative error
region, corresponding to the case when ca. 10-40% of the wells are
negative. This simultaneous analysis of accuracy and efficiency of the
estimator ' indicates a local optimum efficiency of the estimator that
coincides with its optimal accuracy region, corresponding to the case
when ca. 5-40% of the wells are negative.

0.0
p [cellsfwell]

Figure 6.0.4 - Efficiency of the p’ estimator quantified by its relative deviation

for different number of wells. Continuous blue: w=50; dash-dotted orange:
w=100; dotted green: w=200; dashed yellow: w=400.

Table 6.0.2 - Recommendations on target optimal value of p. At these values,
both the accuracy coefficient and efficiency of the p’ estimator are optimal.

w [number of wells] Ideal range of p [cells/well]
50 09-20
100 09-22
200 09-30

400 0.8-3.0




136

Previous studies (GUILLIER & AUGUSTIN, 2006), have
recommended to obtain a number lower than our finding for the cell-per-
well inoculum level. However, those authors aimed to analyse individual
cell lag times, which is out of the scope of the present study. Note that
Metris et al (2003), while also investigating single-cell lag times, prepared
the inoculation so that the fraction of negative wells was between 12.5%
and 37.5%. Based on the Poisson distribution and assuming, that all cells
produced growing subpopulations, this means that the mean number of
initial cells in a well that would grow to detectably turbid level was
between 1 and 2 cell per well in all experiments, in accord with the
recommendations given here.

As can be seen, it can easily be achieved that the efficiency of the
unbiased a-priori estimator is less than 10% in the studied region.
However, the a-posteriori estimator has 10% or less efficiency only for
w > 200 (Figure 2). In that case, based on Eq. 12, the scatter of the In(g)
estimator is about 0.1-0.2, which means that the method offers a way to
measure the probability of growth with one digit accuracy and, for this,
all the 200 wells of the Bioscreen plate, are desirable.

A consequence is that it is not feasible to identify changes in the
probability of growth if it is close to 1, and only changes greater than
about 10% are detectable. This level, however, can be still useful,
considering that the probability of growth rapidly changes with
environmental factors like temperature or water activity; that is, relatively
small changes in the conditions can induce detectable changes in the
single cell probability of growth provided by our method.

Remember that, strictly speaking, probability of growth for a
single cell means the probability that an inoculated single cell generates
a progeny that grows over the optical density detection level. In stress
conditions (e.g. at low water activity), it is possible that the single cell
produces a growing subpopulation which however does not grow over the
detection level. This possibility needs to be considered when interpreting
the results.

6.3.3 Individual lag times

For the individual lag times estimation (using Equation 6.1), the
concentration of the bacteria at the detection level needs to be assessed,
so a calibration curve with B577 strain was used (ANNEX E).
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TABLE 6.0.3 shows the detection level used to calculate the
detection times for each experiment with their respective concentration of
B. cereus at that level (these coming from the calibration curve). The
detection level for each experiment was chosen to be equal to the base
line (which depends on the Bioscreen equipment) + 0.1, that is why they
may differ from one experiment to another.

Table 6.0.3 - Detection levels used to calculate detection times and respective
concentration of cells used to calculate individual lag times.

Experiment Detection level [0.D.] Number of cells/well
at O.D. level (Nq)
15A 0.20 1.8x106
15B 0.40 3.4x10°
15C 0.30 2.6x108
22A 0.20 1.8x106
22B 0.20 1.8x106
22C 0.20 1.8x106
25A 0.20 1.8x106
25B 0.20 1.8x106
25C 0.20 1.8x106
40A 0.20 1.8x106
40B 0.20 1.8x106
40C 0.20 1.8x10°
47A 0.31 2.7x108
47B 0.31 2.7x108

47C 0.20 1.8x106
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Figure 6.0.5 - Average lag time for individual cells unheated (in blue), heated (in
red) and population lag time (in empty orange) coming from viable counts
experiments.

From the plots shown in FIGURE 6.0.5 it can be seen that there
is no significant difference between the individual lag times of heated and
unheated cells for all the temperatures. This goes against the initial idea
since the heat stress should increase the lag phase duration of the cells.
An interesting fact is that this is in agreement with the findings described
in Chapter 3 of this thesis, when the evaluation of hy suggests no
difference between the physiological states of the heated and unheated
cells (and consequently between their the lag times, once the stress does
not affect the growth rates either), assuming that the cells grow in the
same medium to a population level.

Heterogeneity at the individual cell level can be masked in
conventional microbial culturing techniques that depend on data
estimated from population level observation, which is the case here using
turbidity measurements, once the obtained curves picture only the late
exponential phase onwards and the single-cell parameters are estimated
by means of these curves.

Furthermore, the population lag time (coming from the viable
counts experiments with B577 strain growing in BHI) is always
significantly lower than the individual lag times (derived from the single
cells lag times), meaning that the fastest growers in the population will
control the growth, while the effect of slowest growers can be detected
only at single cell level. Also, as expected, the lag time is lower at
temperatures close to optimum (at around 40 °C in this case) and increases
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as temperature gets higher or lower. This can be understood from the hg
parameter (ho=p*lag=constant). Under close to optimal temperature, the
growth rate is high and the lag is low, while at sub/super optimal
conditions the growth rate is lower and the lag higher, keeping the
parameter more or less constant, once the cells have the same history
prior-inoculation.
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6.4 Conclusions

For individual cells, it is difficult to acquire sufficiently accurate
data, especially when the chosen technique can give responses only at
population level. This is probably one of the reasons why no significant
difference on the probability of growth of heated and unheated cells could
be observed for all tested temperatures. Coupled with the big uncertainty
of the assessment of the average number of cells per well (due to the
limited number of replicates), the final result can be interpreted as stressed
and non-stressed cells are equally and fully (probability equal to 100%)
able to grow at temperatures ranging from 15 to 47 °C. As for the
individual lag times assessment, no significant difference between heated
and unheated individual cells can be read from the experimental data.

In order to increase the confidence of experimenters, the
proposed recommendations may provide a means to deal with the
mentioned challenges and can be used to optimize experimental designs
when assessing the probability of growth for single cells by turbidity
measurements.



141

6.5 References

AHMAD A.; ZACHARIASEN C.; CHRISTIANSEN L. E;
GRASBJLL K.; TOFT N.; MATTHEWS L.; DAMBORG P.; AGERS@
Y.; OLSEN J. E.; NIELSEN S. S. Pharmacodynamic modelling of in vitro
activity of tetracycline against a representative, naturally occurring
population of porcine Escherichia coli. Acta Veterinaria Scandinavica,
v.57, p.79, 2015.

BARANYI J.; GEORGE S. M.; KUTALIK Z. Parameter estimation for
the distribution of single cell lag times. Journal of Theoretical Biology,
v.259, p. 24-30, 20009.

FELLER, W. An introduction to probability theory and its applications.
Wiley, 1970.

GEORGE S. M.; METRIS A.; BARANYI J. Integrated Kinetic and
probabilistic modeling of the growth potential of bacterial populations.
Applied and Environmental Microbiology, v.81, n.9, p.3228-3234,
2015.

GUILLIER L.; AUGUSTIN J-C. Modelling the individual cell lag time
distributions of Listeria monocytogenes as a function of the physiological
state and the growth conditions. International Journal of Food
Microbiology, v.111, p.241-251, 2006.

KENT, R. M.; DOHERTY, S. B. Probiotic bacteria in infant formula and
follow-up formula: Microencapsulation using milk and pea proteins to
improve microbiological quality. Food Research International, v.64,
p.567-576, 2014.

LEE Y. H.; KINGSTON A. W.; HELMANN J. D. Glutamate
dehydrogenase affects resistance to cell wall antibiotics in Bacillus
subtilis. Journal of Bacteriology, v.194, p.993-1001, 2011.

LOWDIN E.; ODENHOLT-TORNQVIST I.; BENGTSSON S.; CARS
O. A new method to determine postantibiotic effect and effects of
subinhibitory antibiotic concentrations. Antimicrobial Agents and
Chemotherapy, v.37, p.2200-2205, 1993.



142

METRIS A.; GEORGE S. M.; PECK M. W.; BARANY | J. Distribution
of turbidity detection times produced by single cell-generated bacterial
populations. Journal of Microbiological Methods, v.55, p.821- 827,
2003.

WIMMER G.; ALTMANN G. The multiple Poisson distribution, its
characteristics and a variety of forms. Biometrical Journal, v.38, n.8,
p.995-1011, 1996.



143

7. Conclusions

In this thesis, an extensive analysis on the behaviour of B. cereus at
population and single cell levels was made, constituting an important
finding that can be applied to real scenarios by the industry, academy or
regulatory agencies when in the need of developing/validating new
processes or to give guidance in any food safety matter.

At population level, three main investigations were performed with
the aim of providing proper kinetic analysis and predictions. Having
different measurement methods to quantify bacterial concentration along
time and a few factors (such as growing medium, temperature, heat stress)
that could affect the bacteria behaviour, the main conclusions can be
summarized as follows:

(i) Considering viable count measurements, the focus was on
evaluating the effect of two factors - stress and growing medium - on the
physiological state of the cells (hg) and on the maximum reached
population (Nmax) and also assessing the effect of temperature on growth
rates and how to use them to find a correlation between culture medium
based models and food models. The results show that the only factor
affecting ho and Nmax parameters is the growth medium, while the heat
stress seems to have no significant impact on them. The square-root of
the growth rates were regressed against temperature and their theoretical
minimum temperature for growth (Tmin) estimate is not significant
different for BHI and RIF models for the same strain, what supported the
bias factor assessment. The bias factor between BHI and RIF growth
models was then estimated for each strain using the square-root link
function once, based on these data, it seems to make growth rate data
temperature-independent.

(i) By means of turbidity measurements, the specific growth rates by
means of turbidity were estimated according to the specified quality
criteria and the cardinal models for temperature, pH and water activity
were fitted to the experimental data for each strain. The cardinal model
for pH was the one that showed worst performance when fitted to the data,
probably because estimating growth rates at unfavourable pH conditions
increases the estimates uncertainty and consequently the variability
between replicates. Significant differences on the estimated parameters
could be identified and an agreement of 61.2% was obtained when
comparing the strains by pairs. The agreement was 100% for pHmin and
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awopt parameters. B594 estimated parameters seem to differ more from
the all the others strains. Strains B596 and B626 are equal in all
parameters. The cardinal values proposed in this work respect differences
between the same phylogenetic group and have been able to give
acceptable predictions in foods, as shown along the validation chapter.
These cardinal parameters could then be used in predictive models to
estimate the different growth potentials of B. cereus strains, and more
generally in B. cereus quantitative risk assessment.

(iii) A validation analysis to evaluate the predictive performance of
models, assumptions and results obtained previously (items i and ii) when
applied to food scenarios was performed. Despite some limitations, the
predictions of B. cereus in RIF made with the cardinal parameter values
estimated in culture medium combined with challenge test data in RIF
were satisfactory. Considering the cardinal temperatures are medium-
independent, the approach which took an average of individual uf}; as
this parameter estimate seemed to overestimate this parameter for one of
the strains (B577), what resulted in a clear overestimation of log counts
when primary growth curves were simulated, while the approach that
used the bias factor to estimate uj,} showed much more reliable
predictions for all strains. Both approaches are likely to result in reliable
predictions when applied to other scenarios (different microorganism,
food, etc.), and the decision on which of them to use mainly depends on
the available information and data. The assumptions made for hg and Nmax
seemed to respond well for most of the cases, confirming the statement
that a simple average is enough. The creation of a general model for
emetic strains of B. cereus was developed using cardinal temperatures
obtained for the different strains investigated and an average of individual
uapy as this parameter estimate. When compared to literature data from
different sources and from a variety of dairy products, the proposed model
showed good performance with 88% of the collected growth rates within
the confidence boundaries, showing this can be a feasible way to create a
general model for a species/group of microorganisms.

At individual cell level, the focus was on estimating and
comparing the probability of growth of stressed and non-stressed cells
and optimizing the experimental design for this kind of investigation
using turbidity measurements. For individual cells, it is difficult to acquire
sufficiently accurate data, especially when the chosen technique can give
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responses only at population level. This is probably one of the reasons
why no significant difference on the probability of growth of heated and
unheated cells could be observed for all tested temperatures. Coupled
with the big uncertainty of the assessment of the average number of cells
per well (due to the limited number of replicates), the final result can be
interpreted as stressed and non-stressed cells are equally and fully
(probability equal to 100%) able to grow at temperatures ranging from 15
to 47 °C. As for the individual lag times assessment, no significant
difference between heated and unheated individual cells can be read from
the experimental data. In order to increase the confidence of
experimenters, the proposed recommendations for the targeted
concentration of cells in the wells may provide a means to deal with the
mentioned challenges and can be used to optimize experimental designs
when assessing the probability of growth for single cells by turbidity
measurements.
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8. Suggestions for future development

->Single cell level: Flow cytometry experiments to identify the fraction
of dead, live and injured cells and their individual ability to grow; mainly
if injured and live cells have the same probability to divide as the
probability of growth using turbidity measurements suggest.

—>Population level: Investigate if survival cells are more thermo tolerant
with subsequent heat stresses. This could be read as a smaller log
reduction due to heat treatment or no difference between ho averages.

—>Toxin production by emetic strains of B. cereus: with similar
experimental design, evaluate the effect of stress, medium, temperature
and strain on toxin (cereulide) production. What factor influences it the
most and which one(s) can be considered insignificant?
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ANNEX A — Viable counts measurements
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E € 2 5 = g=

kS o = = 20
B577 NRC | 29.8 BHI A unheated | 0 1.99 7.39
B577 NRC | 29.8 BHI A unheated | 2 2.07
B577 NRC | 29.8 BHI A unheated | 4 2.63
B577 NRC | 29.8 BHI A unheated | 5 4.37 7.22
B577 NRC | 29.8 BHI A unheated | 6 4.67
B577 NRC | 29.8 BHI A unheated | 7 5.96 7.27
B577 NRC | 29.8 BHI A unheated | 8 6.78
B577 NRC | 29.8 BHI A unheated | 10 7.12 6.87
B577 NRC | 29.8 BHI A unheated | 12 7.38
B577 NRC | 29.8 BHI A unheated | 24 8.28 6.15
B577 NRC | 29.8 BHI A unheated | 30 8.18 6.56
B577 NRC | 24.7 BHI A unheated | O 1.94 7.39
B577 NRC | 24.7 BHI A unheated | 2 1.99
B577 NRC | 24.7 BHI A unheated | 5 243 7.24
B577 NRC | 24.7 BHI A unheated | 7 4.38
B577 NRC | 24.7 BHI A unheated | 8 4.64 7.24
B577 NRC | 24.7 BHI A unheated | 10 5.97
B577 NRC | 24.7 BHI A unheated | 12 6.79 7.16
B577 NRC | 24.7 BHI A unheated | 24 7.37
B577 NRC | 24.7 BHI A unheated | 30 7.40 6.26
B577 NRC | 22.0 BHI A unheated | O 1.97 7.39
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B577 NRC | 22.0 BHI A unheated | 2 1.96

B577 NRC | 22.0 BHI A unheated | 5 2.32 7.23
B577 NRC | 22.0 BHI A unheated | 7 3.50

B577 NRC | 22.0 BHI A unheated | 8 4.03 7.24
B577 NRC | 22.0 BHI A unheated | 10 4.63

B577 NRC | 22.0 BHI A unheated | 12 5.46 7.24
B577 NRC | 22.0 BHI A unheated | 24 6.78

B577 NRC | 22.0 BHI A unheated | 30 7.19 6.7
B577 NRC | 22.0 BHI A unheated | 48 7.52 6.24
B577 NRC | 18.0 BHI A unheated | O 1.97 7.39
B577 NRC | 18.0 BHI A unheated | 5 1.94

B577 NRC | 18.0 BHI A unheated | 8 2.23 7.24
B577 NRC | 18.0 BHI A unheated | 12 3.39

B577 NRC | 18.0 BHI A unheated | 24 6.19

B577 NRC | 18.0 BHI A unheated | 30 7.04 6.91
B577 NRC | 18.0 BHI A unheated | 48 6.15

B577 NRC | 18.0 BHI A unheated | 54 6.61 6.94
B577 NRC | 18.0 BHI A unheated | 72 6.12

B577 NRC | 18.0 BHI A unheated | 96 7.40 6.42
B577 NRC | 14.8 BHI A unheated | O 2.01 7.39
B577 NRC | 14.8 BHI A unheated | 12 1.95 7.24
B577 NRC | 14.8 BHI A unheated | 24 2.78

B577 NRC | 14.8 BHI A unheated | 30 4.07 7.2
B577 NRC | 14.8 BHI A unheated | 48 6.36

B577 NRC | 14.8 BHI A unheated | 54 6.82 7.08
B577 NRC | 14.8 BHI A unheated | 72 5.92
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B577 NRC | 14.8 BHI A unheated | 96 6.10
B577 NRC | 14.8 BHI A unheated | 167 6.09 6.22
B577 NRC | 12.3 BHI A unheated | O 1.92 7.39
B577 NRC | 12.3 BHI A unheated | 24 1.85
B577 NRC | 12.3 BHI A unheated | 48 3.01
B577 NRC | 12.3 BHI A unheated | 72 3.89
B577 NRC | 12.3 BHI A unheated | 96 5.03
B577 NRC | 12.3 BHI A unheated | 167 | 6.03 6.93
B577 NRC | 12.3 BHI A unheated | 192 5.94
B577 NRC | 12.3 BHI A unheated | 216 5.53 6.91
B577 NRC | 12.3 BHI A unheated | 240 | 5.60 6.55
B577 NRC | 12.3 BHI A unheated | 264 4.75 6.02
B577 NRC | 12.3 BHI A unheated | 335 4.50 5.62
B577 NRC | 29.8 RIF A unheated | 0 1.59 6.75
B577 NRC | 29.8 RIF A unheated | 2 2.02
B577 NRC | 29.8 RIF A unheated | 4 3.03
B577 NRC | 29.8 RIF A unheated | 5 4.29 6.79
B577 NRC | 29.8 RIF A unheated | 6 4.69
B577 NRC | 29.8 RIF A unheated | 7 5.62 6.83
B577 NRC | 29.8 RIF A unheated | 8 6.00
B577 NRC | 29.8 RIF A unheated | 10 6.52 6.63
B577 NRC | 29.8 RIF A unheated | 12 6.94
B577 NRC | 29.8 RIF A unheated | 24 8.00 5.76
B577 NRC | 29.8 RIF A unheated | 30 7.60 5.64
B577 NRC | 24.7 RIF A unheated | O 1.61 6.75
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B577 NRC | 24.7 RIF A unheated | 2 191

B577 NRC | 24.7 RIF A unheated | 5 2.79 6.81
B577 NRC | 24.7 RIF A unheated | 7 4.18

B577 NRC | 24.7 RIF A unheated | 8 4.66 6.88
B577 NRC | 24.7 RIF A unheated | 10 5.60

B577 NRC | 24.7 RIF A unheated | 12 6.32 6.83
B577 NRC | 24.7 RIF A unheated | 24 8.06

B577 NRC | 24.7 RIF A unheated | 30 8.05 6.16
B577 NRC | 22.0 RIF A unheated | O 1.73 6.75
B577 NRC | 22.0 RIF A unheated | 2 2.02

B577 NRC | 22.0 RIF A unheated | 5 2.47 6.83
B577 NRC | 22.0 RIF A unheated | 7 3.63

B577 NRC | 22.0 RIF A unheated | 8 4.05 6.89
B577 NRC | 22.0 RIF A unheated | 10 4.74

B577 NRC | 22.0 RIF A unheated | 12 5.26 6.89
B577 NRC | 22.0 RIF A unheated | 24 8.03

B577 NRC | 22.0 RIF A unheated | 30 8.30 6.27
B577 NRC | 22.0 RIF A unheated | 48 8.07 6.82
B577 NRC | 18.0 RIF A unheated | O 1.78 6.75
B577 NRC | 18.0 RIF A unheated | 5 2.10

B577 NRC | 18.0 RIF A unheated | 8 2.51 6.89
B577 NRC | 18.0 RIF A unheated | 12 3.46

B577 NRC | 18.0 RIF A unheated | 24 5.83

B577 NRC | 18.0 RIF A unheated | 30 6.54 6.6
B577 NRC | 18.0 RIF A unheated | 48 7.90

B577 NRC | 18.0 RIF A unheated | 54 8.09 6.29
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B577 NRC | 18.0 RIF A unheated | 72 8.22
B577 NRC | 18.0 RIF A unheated | 96 8.28 5.32
B577 NRC | 14.8 RIF A unheated | O 1.67 6.75
B577 NRC | 14.8 RIF A unheated | 12 2.26 6.88
B577 NRC | 14.8 RIF A unheated | 24 3.48
B577 NRC | 14.8 RIF A unheated | 30 4.19 6.81
B577 NRC | 14.8 RIF A unheated | 48 5.95
B577 NRC | 14.8 RIF A unheated | 54 6.57 6.74
B577 NRC | 14.8 RIF A unheated | 72 7.45
B577 NRC | 14.8 RIF A unheated | 96 7.82
B577 NRC | 14.8 RIF A unheated | 167 7.84 5.68
B577 NRC | 12.3 RIF A unheated | O 1.78 6.75
B577 NRC | 12.3 RIF A unheated | 24 2.00
B577 NRC | 12.3 RIF A unheated | 48 243
B577 NRC | 12.3 RIF A unheated | 72 3.13
B577 NRC | 12.3 RIF A unheated | 96 3.98
B577 NRC | 12.3 RIF A unheated | 167 | 7.30 5.88
B577 NRC | 12.3 RIF A unheated | 192 8.00
B577 NRC | 12.3 RIF A unheated | 216 7.75 5.45
B577 NRC | 12.3 RIF A unheated | 240 7.59 5.38
B577 NRC | 12.3 RIF A unheated | 264 7.32 5.43
B577 NRC | 12.3 RIF A unheated | 335 8.09 5.52
B577 NRC | 30.1 RIF B unheated | O 1.78 6.84
B577 NRC | 30.1 RIF B unheated | 2 2.16
B577 NRC | 30.1 RIF B unheated | 4 2.74
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B577 NRC | 30.1 RIF unheated | 5 4.32
B577 NRC | 30.1 RIF unheated | 7 5.59
B577 NRC | 30.1 RIF unheated | 8 5.93
B577 NRC | 30.1 RIF unheated | 10 6.26 6.54
B577 NRC | 30.1 RIF unheated | 12 6.74
B577 NRC | 30.1 RIF unheated | 24 8.07
B577 NRC | 30.1 RIF unheated | 30 7.95
B577 NRC | 30.1 RIF unheated | 48 7.96 5.37
B577 NRC | 30.1 BHI unheated | O 1.70 7.28
B577 NRC | 30.1 BHI unheated | 2 2.06
B577 NRC | 30.1 BHI unheated | 4 2.57 7.26
B577 NRC | 30.1 BHI unheated | 5 4.34
B577 NRC | 30.1 BHI unheated | 7 5.96 7.22
B577 NRC | 30.1 BHI unheated | 8 6.72
B577 NRC | 30.1 BHI unheated | 10 6.67 6.98
B577 NRC | 30.1 BHI unheated | 12 7.01
B577 NRC | 30.1 BHI unheated | 24 8.10 6.68
B577 NRC | 30.1 BHI unheated | 30 8.16
B577 NRC | 30.1 BHI unheated | 48 8.13 6.42
B577 NRC | 24.7 BHI unheated | O 1.88 7.28
B577 NRC | 24.7 BHI unheated | 2 2.06
B577 NRC | 24.7 BHI unheated | 5 2.40 7.28
B577 NRC | 24.7 BHI unheated | 7 4.32
B577 NRC | 24.7 BHI unheated | 8 4.49 7.12
B577 NRC | 24.7 BHI unheated | 10 5.18
B577 NRC | 24.7 BHI unheated | 12 6.40 7.04
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B577 NRC | 24.7 BHI unheated | 24 7.26

B577 NRC | 24.7 BHI unheated | 30 7.11

B577 NRC | 24.7 BHI unheated | 48 7.43 6.51
B577 NRC | 18.0 BHI unheated | O 1.82 7.28
B577 NRC | 18.0 BHI unheated | 5 1.87

B577 NRC | 18.0 BHI unheated | 8 1.89

B577 NRC | 18.0 BHI unheated | 12 2.00 7.24
B577 NRC | 18.0 BHI unheated | 24 5.81

B577 NRC | 18.0 BHI unheated | 30 7.12 7.12
B577 NRC | 18.0 BHI unheated | 48 6.23 7
B577 NRC | 18.0 BHI unheated | 54 6.20 6.88
B577 NRC | 18.0 BHI unheated | 72 6.12 6.43
B577 NRC | 14.7 BHI unheated | O 1.53 7.28
B577 NRC | 14.7 BHI unheated | 7 1.76

B577 NRC | 14.7 BHI unheated | 12 191 7.31
B577 NRC | 14.7 BHI unheated | 24 3.08

B577 NRC | 14.7 BHI unheated | 30 4.15

B577 NRC | 14.7 BHI unheated | 48 5.95 7.24
B577 NRC | 14.7 BHI unheated | 54 6.74 7.12
B577 NRC | 14.7 BHI unheated | 72 6.15

B577 NRC | 14.7 BHI unheated | 144 5.72 6.56
B577 NRC | 125 BHI unheated | O 1.73 7.28
B577 NRC | 125 BHI unheated | 24 1.79 7.26
B577 NRC | 125 BHI unheated | 48 3.19

B577 NRC | 125 BHI unheated | 54 3.65
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B577 NRC | 125 BHI B unheated | 72 4.48 7.12
B577 NRC | 125 BHI B unheated | 144 5.73 6.98
B577 NRC | 125 BHI B unheated | 167 5.82 6.72
B577 NRC | 125 BHI B unheated | 216 4.99 6.34
B635 NRC | 29.9 BHI A unheated | O 151 7.17
B635 NRC | 29.9 BHI A unheated | 2 2.26

B635 NRC | 29.9 BHI A unheated | 4 3.06

B635 NRC | 29.9 BHI A unheated | 5 4.40

B635 NRC | 29.9 BHI A unheated | 7 5.92

B635 NRC | 29.9 BHI A unheated | 8 6.95

B635 NRC | 29.9 BHI A unheated | 10 7.20 6.95
B635 NRC | 29.9 BHI A unheated | 12 7.26

B635 NRC | 29.9 BHI A unheated | 24 7.99

B635 NRC | 29.9 BHI A unheated | 30 8.11 6.16
B635 NRC | 29.9 BHI A unheated | 48 8.03 6.57
B635 NRC | 24.7 BHI A unheated | 0 1.48 7.17
B635 NRC | 24.7 BHI A unheated | 2 2.29

B635 NRC | 24.7 BHI A unheated | 5 3.46

B635 NRC | 24.7 BHI A unheated | 7 4.34

B635 NRC | 24.7 BHI A unheated | 8 5.25

B635 NRC | 24.7 BHI A unheated | 10 6.14 7.24
B635 NRC | 24.7 BHI A unheated | 12 6.86

B635 NRC | 24.7 BHI A unheated | 24 7.58

B635 NRC | 24.7 BHI A unheated | 30 7.69 6
B635 NRC | 24.7 BHI A unheated | 48 7.79 6.09
B635 NRC | 21.9 BHI A unheated | O 1.45 7.17
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B635 NRC | 21.9 BHI A unheated | 2 1.96
B635 NRC | 21.9 BHI A unheated | 5 2.40
B635 NRC | 21.9 BHI A unheated | 7 3.68
B635 NRC | 21.9 BHI A unheated | 8 4.32
B635 NRC | 21.9 BHI A unheated | 10 4.82 7.25
B635 NRC | 21.9 BHI A unheated | 12 5.20
B635 NRC | 21.9 BHI A unheated | 24 7.14
B635 NRC | 21.9 BHI A unheated | 30 6.58 6.05
B635 NRC | 21.9 BHI A unheated | 48 7.77 5.97
B635 NRC | 18.0 BHI A unheated | O 1.48 7.17
B635 NRC | 18.0 BHI A unheated | 5 2.43
B635 NRC | 18.0 BHI A unheated | 8 2.93
B635 NRC | 18.0 BHI A unheated | 12 3.72 7.23
B635 NRC | 18.0 BHI A unheated | 24 6.93
B635 NRC | 18.0 BHI A unheated | 30 6.99 6.88
B635 NRC | 18.0 BHI A unheated | 48 6.70 6.62
B635 NRC | 18.0 BHI A unheated | 54 6.85
B635 NRC | 18.0 BHI A unheated | 72 7.67 6.06
B635 NRC | 14.8 BHI A unheated | O 1.34 7.17
B635 NRC | 14.8 BHI A unheated | 12 3.15 7.25
B635 NRC | 14.8 BHI A unheated | 24 4.52
B635 NRC | 14.8 BHI A unheated | 30 5.63 7.22
B635 NRC | 14.8 BHI A unheated | 48 6.79 6.94
B635 NRC | 14.8 BHI A unheated | 54 6.11
B635 NRC | 14.8 BHI A unheated | 72 5.71 6.86
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B635 NRC | 14.8 BHI A unheated | 96 5.93 6.81
B635 NRC | 12.4 BHI A unheated | O 1.34 7.17
B635 NRC | 12.4 BHI A unheated | 24 2.88

B635 NRC | 12.4 BHI A unheated | 30 3.43

B635 NRC | 12.4 BHI A unheated | 48 5.54 7.2
B635 NRC | 12.4 BHI A unheated | 54 6.28

B635 NRC | 12.4 BHI A unheated | 72 6.90 6.86
B635 NRC | 124 BHI A unheated | 96 5.60 6.84
B635 NRC | 12.4 BHI A unheated | 167 6.49 6.79
B635 NRC | 12.4 BHI A unheated | 216 7.40

B635 NRC | 124 BHI A unheated | 240 | 7.59 6.19
B635 NRC | 12.4 BHI A unheated | 264 7.49

B635 NRC | 12.4 BHI A unheated | 335 6.53 5.64
B635 NRC | 29.9 RIF A unheated | 0 1.76 6.81
B635 NRC | 29.9 RIF A unheated | 2 2.38

B635 NRC | 29.9 RIF A unheated | 4 311

B635 NRC | 29.9 RIF A unheated | 5 4.28

B635 NRC | 29.9 RIF A unheated | 7 551

B635 NRC | 29.9 RIF A unheated | 8 5.95

B635 NRC | 29.9 RIF A unheated | 10 6.67 6.64
B635 NRC | 29.9 RIF A unheated | 12 7.01

B635 NRC | 29.9 RIF A unheated | 24 7.64

B635 NRC | 29.9 RIF A unheated | 30 7.92 5.55
B635 NRC | 29.9 RIF A unheated | 48 8.00 5.08
B635 NRC | 24.7 RIF A unheated | O 1.68 6.81
B635 NRC | 24.7 RIF A unheated | 2 2.05
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B635 NRC | 24.7 RIF A unheated | 5 3.36

B635 NRC | 24.7 RIF A unheated | 7 4.32

B635 NRC | 24.7 RIF A unheated | 8 4.86

B635 NRC | 24.7 RIF A unheated | 10 551 6.81
B635 NRC | 24.7 RIF A unheated | 12 6.23

B635 NRC | 24.7 RIF A unheated | 24 7.81

B635 NRC | 24.7 RIF A unheated | 30 7.93 5.58
B635 NRC | 24.7 RIF A unheated | 48 8.12 5.15
B635 NRC | 21.9 RIF A unheated | O 1.79 6.81
B635 NRC | 21.9 RIF A unheated | 2 1.82

B635 NRC | 21.9 RIF A unheated | 5 3.10

B635 NRC | 21.9 RIF A unheated | 7 3.76

B635 NRC | 21.9 RIF A unheated | 8 411

B635 NRC | 21.9 RIF A unheated | 10 4.70 6.85
B635 NRC | 21.9 RIF A unheated | 12 5.34

B635 NRC | 21.9 RIF A unheated | 24 7.62

B635 NRC | 21.9 RIF A unheated | 30 7.76 6
B635 NRC | 21.9 RIF A unheated | 48 7.99 5.52
B635 NRC | 18.0 RIF A unheated | O 1.72 6.81
B635 NRC | 18.0 RIF A unheated | 5 2.57

B635 NRC | 18.0 RIF A unheated | 8 3.08

B635 NRC | 18.0 RIF A unheated | 12 3.83 6.87
B635 NRC | 18.0 RIF A unheated | 24 6.28

B635 NRC | 18.0 RIF A unheated | 30 6.85 6.62
B635 NRC | 18.0 RIF A unheated | 48 7.95 6.02
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B635 NRC | 18.0 RIF A unheated | 54 7.97

B635 NRC | 18.0 RIF A unheated | 72 8.32 55
B635 NRC | 14.8 RIF A unheated | O 1.68 6.81
B635 NRC | 14.8 RIF A unheated | 12 3.04 6.89
B635 NRC | 14.8 RIF A unheated | 24 4.65

B635 NRC | 14.8 RIF A unheated | 30 5.48 6.86
B635 NRC | 14.8 RIF A unheated | 48 6.89 6.55
B635 NRC | 14.8 RIF A unheated | 54 7.18

B635 NRC | 14.8 RIF A unheated | 72 8.00 6.04
B635 NRC | 14.8 RIF A unheated | 96 8.21 5.78
B635 NRC | 124 RIF A unheated | 0 1.56 6.81
B635 NRC | 12.4 RIF A unheated | 24 3.20

B635 NRC | 12.4 RIF A unheated | 48 5.30 6.84
B635 NRC | 124 RIF A unheated | 54 5.67

B635 NRC | 12.4 RIF A unheated | 72 6.79 6.61
B635 NRC | 12.4 RIF A unheated | 96 7.32 6.23
B635 NRC | 12.4 RIF A unheated | 167 | 8.17 5.59
B635 NRC | 124 RIF A unheated | 216 7.99

B635 NRC | 12.4 RIF A unheated | 240 | 7.63 5.26
B635 NRC | 12.4 RIF A unheated | 264 7.59

B635 NRC | 12.4 RIF A unheated | 335 7.61 4.89
B635 NRC | 30.0 BHI B unheated | 0 1.20 7.41
B635 NRC | 30.0 BHI B unheated | 2 211

B635 NRC | 30.0 BHI B unheated | 4 3.07

B635 NRC | 30.0 BHI B unheated | 5 4.28

B635 NRC | 30.0 BHI B unheated | 7 5.62
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B635 NRC | 30.0 BHI unheated | 8 6.53

B635 NRC | 30.0 BHI unheated | 10 7.53

B635 NRC | 30.0 BHI unheated | 12 7.72

B635 NRC | 30.0 BHI unheated | 24 8.01 6.22
B635 NRC | 30.0 BHI unheated | 30 8.07

B635 NRC | 30.0 BHI unheated | 48 7.77 6.04
B635 NRC | 24.7 BHI unheated | O 1.30 7.41
B635 NRC | 24.7 BHI unheated | 2 1.82

B635 NRC | 24.7 BHI unheated | 5 2.95

B635 NRC | 24.7 BHI unheated | 7 4.26

B635 NRC | 24.7 BHI unheated | 8 4.63

B635 NRC | 24.7 BHI unheated | 10 6.16

B635 NRC | 24.7 BHI unheated | 12 6.74

B635 NRC | 24.7 BHI unheated | 24 7.72 6.07
B635 NRC | 24.7 BHI unheated | 30 7.77

B635 NRC | 24.7 BHI unheated | 48 8.21 5.88
B635 NRC | 22.0 BHI unheated | 0 1.08 7.41
B635 NRC | 22.0 BHI unheated | 2 1.72

B635 NRC | 22.0 BHI unheated | 5 2.67

B635 NRC | 22.0 BHI unheated | 7 3.36

B635 NRC | 22.0 BHI unheated | 8 3.64

B635 NRC | 22.0 BHI unheated | 10 4.98

B635 NRC | 22.0 BHI unheated | 12 5.38

B635 NRC | 22.0 BHI unheated | 24 7.40 6.4
B635 NRC | 22.0 BHI unheated | 30 7.74
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B635 NRC | 22.0 BHI unheated | 48 8.06 6.18
B635 NRC | 18.0 BHI unheated | O 1.34 7.41
B635 NRC | 18.0 BHI unheated | 5 1.86
B635 NRC | 18.0 BHI unheated | 8 2.23
B635 NRC | 18.0 BHI unheated | 10 3.43
B635 NRC | 18.0 BHI unheated | 12 351
B635 NRC | 18.0 BHI unheated | 24 7.06 7.22
B635 NRC | 18.0 BHI unheated | 30 7.41
B635 NRC | 18.0 BHI unheated | 48 7.49
B635 NRC | 18.0 BHI unheated | 54 7.51
B635 NRC | 18.0 BHI unheated | 72 7.51 6.33
B635 NRC | 14.8 BHI unheated | O 1.34 7.41
B635 NRC | 14.8 BHI unheated | 10 2.20
B635 NRC | 14.8 BHI unheated | 24 4.38 7.37
B635 NRC | 14.8 BHI unheated | 30 5.49
B635 NRC | 14.8 BHI unheated | 48 7.16
B635 NRC | 14.8 BHI unheated | 54 6.76
B635 NRC | 14.8 BHI unheated | 72 5.78
B635 NRC | 14.8 BHI unheated | 144 | 5.85 5.82
B635 NRC | 124 BHI unheated | O 1.08 7.41
B635 NRC | 12.4 BHI unheated | 12 1.68
B635 NRC | 12.4 BHI unheated | 24 2.74 7.37
B635 NRC | 12.4 BHI unheated | 30 3.46
B635 NRC | 12.4 BHI unheated | 48 5.64
B635 NRC | 12.4 BHI unheated | 54 6.32
B635 NRC | 12.4 BHI unheated | 72 7.28
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B635 NRC | 12.4 BHI unheated | 144 7.52
B635 NRC | 12.4 BHI unheated | 167 7.61
B635 NRC | 12.4 BHI unheated | 192 7.15
B635 NRC | 12.4 BHI unheated | 216 7.03 6.32
B635 NRC | 30.0 RIF unheated | O 1.48 6.83
B635 NRC | 30.0 RIF unheated | 2 2.15
B635 NRC | 30.0 RIF unheated | 4 3.26
B635 NRC | 30.0 RIF unheated | 5 4.18
B635 NRC | 30.0 RIF unheated | 7 4.96
B635 NRC | 30.0 RIF unheated | 8 5.48
B635 NRC | 30.0 RIF unheated | 10 6.72
B635 NRC | 30.0 RIF unheated | 12 7.13
B635 NRC | 30.0 RIF unheated | 24 7.99 5.87
B635 NRC | 30.0 RIF unheated | 30 8.06
B635 NRC | 30.0 RIF unheated | 48 8.03 5.22
B635 NRC | 24.7 RIF unheated | 0 1.20 6.83
B635 NRC | 24.7 RIF unheated | 2 1.91
B635 NRC | 24.7 RIF unheated | 5 3.00
B635 NRC | 24.7 RIF unheated | 7 3.99
B635 NRC | 24.7 RIF unheated | 8 4.49
B635 NRC | 24.7 RIF unheated | 10 5.72
B635 NRC | 24.7 RIF unheated | 12 6.26
B635 NRC | 24.7 RIF unheated | 24 7.85 6.03
B635 NRC | 24.7 RIF unheated | 30 8.08
B635 NRC | 24.7 RIF unheated | 48 8.24 5.77
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B635 NRC | 22.0 RIF unheated | O 1.62 6.83
B635 NRC | 22.0 RIF unheated | 2 191
B635 NRC | 22.0 RIF unheated | 5 2.96
B635 NRC | 22.0 RIF unheated | 7 3.62
B635 NRC | 22.0 RIF unheated | 8 3.90
B635 NRC | 22.0 RIF unheated | 10 4.83
B635 NRC | 22.0 RIF unheated | 12 5.20
B635 NRC | 22.0 RIF unheated | 24 7.73 6.26
B635 NRC | 22.0 RIF unheated | 30 8.10
B635 NRC | 22.0 RIF unheated | 48 8.16 6.08
B635 NRC | 124 RIF unheated | 0 1.79 6.84
B635 NRC | 12.4 RIF unheated | 12 2.13
B635 NRC | 12.4 RIF unheated | 24 3.08
B635 NRC | 124 RIF unheated | 30 3.72
B635 NRC | 12.4 RIF unheated | 48 5.46 6.75
B635 NRC | 12.4 RIF unheated | 54 5.72
B635 NRC | 12.4 RIF unheated | 72 6.61
B635 NRC | 124 RIF unheated | 144 8.10
B635 NRC | 12.4 RIF unheated | 167 | 8.21 5.78
B635 NRC | 14.8 RIF unheated | O 1.78 6.84
B635 NRC | 14.8 RIF unheated | 12 2.60
B635 NRC | 14.8 RIF unheated | 24 4.41
B635 NRC | 14.8 RIF unheated | 30 5.23
B635 NRC | 14.8 RIF unheated | 48 6.89 6.82
B635 NRC | 14.8 RIF unheated | 54 7.09
B635 NRC | 14.8 RIF unheated | 72 7.61
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B635 NRC | 14.8 RIF B unheated | 144 8.27 5.72
B635 NRC | 14.8 RIF B unheated | O 1.83 6.84
B635 NRC | 18.0 RIF B unheated | 7 2.85

B635 NRC | 18.0 RIF B unheated | 10 3.63

B635 NRC | 18.0 RIF B unheated | 12 6.34

B635 NRC | 18.0 RIF B unheated | 24 6.96

B635 NRC | 18.0 RIF B unheated | 30 8.10

B635 NRC | 18.0 RIF B unheated | 48 7.99 6.55
B635 NRC | 18.0 RIF B unheated | 54 8.16 5.86
B626 NRC | 29.9 BHI A unheated | O 1.83 7.2
B626 NRC | 29.9 BHI A unheated | 2 2.10

B626 NRC | 29.9 BHI A unheated | 4 3.40 7.22
B626 NRC | 29.9 BHI A unheated | 5 4.67

B626 NRC | 29.9 BHI A unheated | 7 6.20

B626 NRC | 29.9 BHI A unheated | 8 7.12 7.08
B626 NRC | 29.9 BHI A unheated | 10 7.32

B626 NRC | 29.9 BHI A unheated | 12 7.67

B626 NRC | 29.9 BHI A unheated | 24 8.21

B626 NRC | 29.9 BHI A unheated | 30 8.16 6.4
B626 NRC | 24.7 BHI A unheated | O 1.84 7.2
B626 NRC | 24.7 BHI A unheated | 2 2.04

B626 NRC | 24.7 BHI A unheated | 5 4.10

B626 NRC | 24.7 BHI A unheated | 7 4.57

B626 NRC | 24.7 BHI A unheated | 8 5.16 7.22
B626 NRC | 24.7 BHI A unheated | 10 6.15
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B626 NRC | 24.7 BHI A unheated | 12 7.01

B626 NRC | 24.7 BHI A unheated | 24 7.82

B626 NRC | 24.7 BHI A unheated | 30 7.91

B626 NRC | 24.7 BHI A unheated | 48 8.25 6.19
B626 NRC | 22.0 BHI A unheated | O 1.82 7.2
B626 NRC | 22.0 BHI A unheated | 2 1.92

B626 NRC | 22.0 BHI A unheated | 5 221

B626 NRC | 22.0 BHI A unheated | 7 381

B626 NRC | 22.0 BHI A unheated | 8 431 7.23
B626 NRC | 22.0 BHI A unheated | 10 4.89

B626 NRC | 22.0 BHI A unheated | 12 5.61

B626 NRC | 22.0 BHI A unheated | 24 6.90

B626 NRC | 22.0 BHI A unheated | 30 7.30

B626 NRC | 22.0 BHI A unheated | 48 8.01 6.1
B626 NRC | 18.0 BHI A unheated | O 1.78 7.2
B626 NRC | 18.0 BHI A unheated | 5 2.20

B626 NRC | 18.0 BHI A unheated | 8 2.35 7.23
B626 NRC | 18.0 BHI A unheated | 12 2.98

B626 NRC | 18.0 BHI A unheated | 24 6.68

B626 NRC | 18.0 BHI A unheated | 30 7.12

B626 NRC | 18.0 BHI A unheated | 48 7.04 6.78
B626 NRC | 18.0 BHI A unheated | 54 7.29

B626 NRC | 18.0 BHI A unheated | 72 7.77 6.1
B626 NRC | 14.8 BHI A unheated | O 1.88 7.2
B626 NRC | 14.8 BHI A unheated | 12 2.03

B626 NRC | 14.8 BHI A unheated | 24 3.54
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B626 NRC | 14.8 BHI A unheated | 30 4.53

B626 NRC | 14.8 BHI A unheated | 48 6.73 7.11
B626 NRC | 14.8 BHI A unheated | 54 6.88

B626 NRC | 14.8 BHI A unheated | 72 5.75 6.91
B626 NRC | 14.8 BHI A unheated | 96 5.52 7.02
B626 NRC | 12.3 BHI A unheated | 0 1.77 7.2
B626 NRC | 12.3 BHI A unheated | 24 1.85

B626 NRC | 12.3 BHI A unheated | 48 3.70

B626 NRC | 12.3 BHI A unheated | 72 5.49 7.14
B626 NRC | 12.3 BHI A unheated | 96 6.62 7.06
B626 NRC | 12.3 BHI A unheated | 167 | 6.48 6.91
B626 NRC | 12.3 BHI A unheated | 192 6.96

B626 NRC | 12.3 BHI A unheated | 216 7.44 6.38
B626 NRC | 12.3 BHI A unheated | 240 | 7.68

B626 NRC | 12.3 BHI A unheated | 264 7.71 6.23
B626 NRC | 29.9 RIF A unheated | 0 1.75 6.79
B626 NRC | 29.9 RIF A unheated | 2 2.11

B626 NRC | 29.9 RIF A unheated | 4 3.20 6.81
B626 NRC | 29.9 RIF A unheated | 5 4.51

B626 NRC | 29.9 RIF A unheated | 7 5.83

B626 NRC | 29.9 RIF A unheated | 8 6.61 6.73
B626 NRC | 29.9 RIF A unheated | 10 6.99

B626 NRC | 29.9 RIF A unheated | 12 7.27

B626 NRC | 29.9 RIF A unheated | 24 7.79

B626 NRC | 29.9 RIF A unheated | 30 7.79 4.21
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B626 NRC | 24.7 RIF A unheated | O 1.81 6.79
B626 NRC | 24.7 RIF A unheated | 2 2.07

B626 NRC | 24.7 RIF A unheated | 5 3.54

B626 NRC | 24.7 RIF A unheated | 7 4.46

B626 NRC | 24.7 RIF A unheated | 8 5.12 6.82
B626 NRC | 24.7 RIF A unheated | 10 5.88

B626 NRC | 24.7 RIF A unheated | 12 6.61

B626 NRC | 24.7 RIF A unheated | 24 8.14

B626 NRC | 24.7 RIF A unheated | 30 8.13

B626 NRC | 24.7 RIF A unheated | 48 8.08 6.1
B626 NRC | 22.0 RIF A unheated | 0 1.92 6.79
B626 NRC | 22.0 RIF A unheated | 2 2.05

B626 NRC | 22.0 RIF A unheated | 5 241

B626 NRC | 22.0 RIF A unheated | 7 3.71

B626 NRC | 22.0 RIF A unheated | 8 4.21 6.84
B626 NRC | 22.0 RIF A unheated | 10 4.85

B626 NRC | 22.0 RIF A unheated | 12 5.56

B626 NRC | 22.0 RIF A unheated | 24 7.91

B626 NRC | 22.0 RIF A unheated | 30 8.12

B626 NRC | 22.0 RIF A unheated | 48 7.96 6.28
B626 NRC | 18.0 RIF A unheated | O 191 6.79
B626 NRC | 18.0 RIF A unheated | 5 212

B626 NRC | 18.0 RIF A unheated | 8 2.53 6.85
B626 NRC | 18.0 RIF A unheated | 12 3.67

B626 NRC | 18.0 RIF A unheated | 24 6.26

B626 NRC | 18.0 RIF A unheated | 30 7.07
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B626 NRC | 18.0 RIF A unheated | 48 8.12 6.33
B626 NRC | 18.0 RIF A unheated | 54 8.19
B626 NRC | 18.0 RIF A unheated | 72 8.40 6.23
B626 NRC | 14.8 RIF A unheated | O 1.94 6.79
B626 NRC | 14.8 RIF A unheated | 12 2.00
B626 NRC | 14.8 RIF A unheated | 24 3.86
B626 NRC | 14.8 RIF A unheated | 30 4.53
B626 NRC | 14.8 RIF A unheated | 48 6.36 6.75
B626 NRC | 14.8 RIF A unheated | 54 6.79
B626 NRC | 14.8 RIF A unheated | 72 7.51 6.39
B626 NRC | 14.8 RIF A unheated | 96 7.96 6.32
B626 NRC | 12.3 RIF A unheated | O 1.88 6.79
B626 NRC | 12.3 RIF A unheated | 24 2.08
B626 NRC | 12.3 RIF A unheated | 48 3.36
B626 NRC | 12.3 RIF A unheated | 72 4.46 6.77
B626 NRC | 123 RIF A unheated | 96 5.44 6.83
B626 NRC | 12.3 RIF A unheated | 167 6.17 5.49
B626 NRC | 12.3 RIF A unheated | 192 6.07
B626 NRC | 123 RIF A unheated | 216 | 5.87 5.16
B626 NRC | 12.3 RIF A unheated | 240 5.53
B626 NRC | 12.3 RIF A unheated | 264 5.31 5.16
B626 NRC | 30.0 BHI B unheated | O 191 7.38
B626 NRC | 30.0 BHI B unheated | 2 1.98
B626 NRC | 30.0 BHI B unheated | 4 3.32
B626 NRC | 30.0 BHI B unheated | 5 3.95
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B626 NRC | 30.0 BHI unheated | 7 5.83

B626 NRC | 30.0 BHI unheated | 8 6.99

B626 NRC | 30.0 BHI unheated | 10 7.45 6.7
B626 NRC | 30.0 BHI unheated | 12 7.51

B626 NRC | 30.0 BHI unheated | 24 8.19

B626 NRC | 30.0 BHI unheated | 30 8.07

B626 NRC | 30.0 BHI unheated | 48 8.08 6.12
B626 NRC | 24.7 BHI unheated | 0 1.82 7.38
B626 NRC | 24.7 BHI unheated | 2 1.75

B626 NRC | 24.7 BHI unheated | 5 2.20

B626 NRC | 24.7 BHI unheated | 7 4.01

B626 NRC | 24.7 BHI unheated | 8 4.66

B626 NRC | 24.7 BHI unheated | 10 5.88 7.38
B626 NRC | 24.7 BHI unheated | 12 6.46

B626 NRC | 24.7 BHI unheated | 24 7.59

B626 NRC | 24.7 BHI unheated | 30 7.75

B626 NRC | 24.7 BHI unheated | 48 8.27 6.88
B626 NRC | 22.0 BHI unheated | O 1.70 7.38
B626 NRC | 22.0 BHI unheated | 2 1.92

B626 NRC | 22.0 BHI unheated | 5 2.40

B626 NRC | 22.0 BHI unheated | 7 3.52

B626 NRC | 22.0 BHI unheated | 8 3.96

B626 NRC | 22.0 BHI unheated | 10 4.89 7.37
B626 NRC | 22.0 BHI unheated | 12 5.48

B626 NRC | 22.0 BHI unheated | 24 6.86

B626 NRC | 22.0 BHI unheated | 30 7.18
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B626 NRC | 22.0 BHI unheated | 48 7.53 7.11
B626 NRC | 18.0 BHI unheated | O 1.64 7.38
B626 NRC | 18.0 BHI unheated | 5 1.90

B626 NRC | 18.0 BHI unheated | 8 2.02 7.36
B626 NRC | 18.0 BHI unheated | 12 2.46

B626 NRC | 18.0 BHI unheated | 24 6.36

B626 NRC | 18.0 BHI unheated | 30 7.40

B626 NRC | 18.0 BHI unheated | 48 6.00

B626 NRC | 18.0 BHI unheated | 54 6.30

B626 NRC | 18.0 BHI unheated | 72 6.30 6.8
B626 NRC | 14.8 BHI unheated | 0 1.60 7.38
B626 NRC | 14.8 BHI unheated | 7 1.56

B626 NRC | 14.8 BHI unheated | 12 1.81

B626 NRC | 14.8 BHI unheated | 24 3.00

B626 NRC | 14.8 BHI unheated | 30 3.90

B626 NRC | 14.8 BHI unheated | 48 6.65 7.18
B626 NRC | 14.8 BHI unheated | 54 7.05

B626 NRC | 14.8 BHI unheated | 72 6.08 6.94
B626 NRC | 14.8 BHI unheated | 144 | 6.12 6.36
B626 NRC | 12.4 BHI unheated | O 1.75 7.38
B626 NRC | 12.4 BHI unheated | 12 1.56

B626 NRC | 12.4 BHI unheated | 24 1.58

B626 NRC | 12.4 BHI unheated | 30 1.70

B626 NRC | 12.4 BHI unheated | 48 2.98

B626 NRC | 12.4 BHI unheated | 54 3.64
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B626 NRC | 12.4 BHI unheated | 72 4.84 7.4
B626 NRC | 12.4 BHI unheated | 144 5.72

B626 NRC | 12.4 BHI unheated | 167 5.80

B626 NRC | 12.4 BHI unheated | 192 5.48

B626 NRC | 12.4 BHI unheated | 216 5.04 7.09
B626 NRC | 12.4 BHI unheated | 240 5.15

B626 NRC | 12.4 BHI unheated | 312 5.49

B626 NRC | 124 BHI unheated | 335 | 5.43 6.12
B626 NRC | 30.0 RIF unheated | O 1.70 6.8
B626 NRC | 30.0 RIF unheated | 2 2.13

B626 NRC | 30.0 RIF unheated | 4 3.00

B626 NRC | 30.0 RIF unheated | 5 4.15

B626 NRC | 30.0 RIF unheated | 7 5.61

B626 NRC | 30.0 RIF unheated | 8 6.08

B626 NRC | 30.0 RIF unheated | 10 6.52 6.65
B626 NRC | 30.0 RIF unheated | 12 6.83

B626 NRC | 30.0 RIF unheated | 24 8.13

B626 NRC | 30.0 RIF unheated | 30 8.01

B626 NRC | 30.0 RIF unheated | 48 7.04 5.72
B626 NRC | 24.7 RIF unheated | O 1.66 6.8
B626 NRC | 24.7 RIF unheated | 2 2.16

B626 NRC | 24.7 RIF unheated | 5 2.86

B626 NRC | 24.7 RIF unheated | 7 4.22

B626 NRC | 24.7 RIF unheated | 8 4.60

B626 NRC | 24.7 RIF unheated | 10 5.64 6.87
B626 NRC | 24.7 RIF unheated | 12 6.11
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B626 NRC | 24.7 RIF unheated | 24 8.00

B626 NRC | 24.7 RIF unheated | 30 8.26

B626 NRC | 24.7 RIF unheated | 48 8.17 6.21
B626 NRC | 22.0 RIF unheated | O 1.82 6.8
B626 NRC | 22.0 RIF unheated | 2 211

B626 NRC | 22.0 RIF unheated | 5 2.23

B626 NRC | 22.0 RIF unheated | 7 3.20

B626 NRC | 22.0 RIF unheated | 8 3.87

B626 NRC | 22.0 RIF unheated | 10 4.62 6.9
B626 NRC | 22.0 RIF unheated | 12 5.20

B626 NRC | 22.0 RIF unheated | 24 7.49

B626 NRC | 22.0 RIF unheated | 30 8.04

B626 NRC | 22.0 RIF unheated | 48 8.37 6.67
B626 NRC | 18.0 RIF unheated | 0 1.73 6.8
B626 NRC | 18.0 RIF unheated | 5 2.03

B626 NRC | 18.0 RIF unheated | 8 2.06

B626 NRC | 18.0 RIF unheated | 12 2.63 6.76
B626 NRC | 18.0 RIF unheated | 24 5.78

B626 NRC | 18.0 RIF unheated | 30 6.43

B626 NRC | 18.0 RIF unheated | 48 7.79

B626 NRC | 18.0 RIF unheated | 54 7.87

B626 NRC | 18.0 RIF unheated | 72 7.95 5.99
B626 NRC | 14.8 RIF unheated | O 1.68 6.8
B626 NRC | 14.8 RIF unheated | 7 1.76

B626 NRC | 14.8 RIF unheated | 12 1.76 6.82
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B626 NRC | 14.8 RIF B unheated | 24 3.38

B626 NRC | 14.8 RIF B unheated | 30 3.95

B626 NRC | 14.8 RIF B unheated | 48 5.91

B626 NRC | 14.8 RIF B unheated | 54 6.51

B626 NRC | 14.8 RIF B unheated | 72 7.10 6.57
B626 NRC | 14.8 RIF B unheated | 144 8.00 4.98
B626 NRC | 12.4 RIF B unheated | O 1.85 6.8
B626 NRC | 12.4 RIF B unheated | 12 1.81

B626 NRC | 12.4 RIF B unheated | 24 1.87

B626 NRC | 12.4 RIF B unheated | 30 1.98

B626 NRC | 124 RIF B unheated | 48 3.18

B626 NRC | 12.4 RIF B unheated | 54 3.48

B626 NRC | 12.4 RIF B unheated | 72 4.38 6.86
B626 NRC | 12.4 RIF B unheated | 144 | 5.64

B626 NRC | 12.4 RIF B unheated | 167 5.69

B626 NRC | 12.4 RIF B unheated | 192 | 5.63

B626 NRC | 12.4 RIF B unheated | 216 5.72 5.75
B626 NRC | 124 RIF B unheated | 240 5.61

B626 NRC | 12.4 RIF B unheated | 312 | 5.38

B626 NRC | 12.4 RIF B unheated | 335 5.32 4.92
B596 NRC | 29.8 BHI A unheated | O 1.59 7.16
B596 NRC | 29.8 BHI A unheated | 2 1.88

B596 NRC | 29.8 BHI A unheated | 4 2.61

B596 NRC | 29.8 BHI A unheated | 5 4.37

B596 NRC | 29.8 BHI A unheated | 7 5.79 7.18
B596 NRC | 29.8 BHI A unheated | 8 6.43
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B596 NRC | 29.8 BHI A unheated | 10 7.21 6.91
B596 NRC | 29.8 BHI A unheated | 12 7.45

B596 NRC | 29.8 BHI A unheated | 24 8.02

B596 NRC | 29.8 BHI A unheated | 30 7.90 5.88
B596 NRC | 24.7 BHI A unheated | O 1.68 7.16
B596 NRC | 24.7 BHI A unheated | 2 1.84

B596 NRC | 24.7 BHI A unheated | 5 2.43

B596 NRC | 24.7 BHI A unheated | 7 4.71 7.2
B596 NRC | 24.7 BHI A unheated | 8 4.68

B596 NRC | 24.7 BHI A unheated | 10 5.68 7.18
B596 NRC | 24.7 BHI A unheated | 12 6.38

B596 NRC | 24.7 BHI A unheated | 24 7.66

B596 NRC | 24.7 BHI A unheated | 30 7.78 5.79
B596 NRC | 22.0 BHI A unheated | 0 1.73 7.16
B596 NRC | 22.0 BHI A unheated | 2 1.81

B596 NRC | 22.0 BHI A unheated | 5 1.85

B596 NRC | 22.0 BHI A unheated | 7 2.92 7.21
B596 NRC | 22.0 BHI A unheated | 8 3.32

B596 NRC | 22.0 BHI A unheated | 10 3.95 7.18
B596 NRC | 22.0 BHI A unheated | 12 4.81

B596 NRC | 22.0 BHI A unheated | 24 6.96

B596 NRC | 22.0 BHI A unheated | 30 7.21 6.33
B596 NRC | 18.0 BHI A unheated | O 1.69 7.16
B596 NRC | 18.0 BHI A unheated | 5 1.73

B596 NRC | 18.0 BHI A unheated | 8 1.99
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B596 NRC | 18.0 BHI A unheated | 12 2.60 7.18
B596 NRC | 18.0 BHI A unheated | 24 5.72

B596 NRC | 18.0 BHI A unheated | 30 6.91 6.77
B596 NRC | 18.0 BHI A unheated | 48 6.22

B596 NRC | 18.0 BHI A unheated | 54 6.70 6.77
B596 NRC | 18.0 BHI A unheated | 72 6.90 6.53
B596 NRC | 14.8 BHI A unheated | O 1.60 7.16
B596 NRC | 14.8 BHI A unheated | 12 221 7.17
B596 NRC | 14.8 BHI A unheated | 24 3.19

B596 NRC | 14.8 BHI A unheated | 30 4.19 7.17
B596 NRC | 14.8 BHI A unheated | 48 6.82

B596 NRC | 14.8 BHI A unheated | 54 7.01 6.99
B596 NRC | 14.8 BHI A unheated | 72 5.73 6.92
B596 NRC | 14.8 BHI A unheated | 96 6.06 6.93
B596 NRC | 12.3 BHI A unheated | O 1.46 7.16
B596 NRC | 12.3 BHI A unheated | 24 1.74

B596 NRC | 12.3 BHI A unheated | 48 3.21

B596 NRC | 12.3 BHI A unheated | 72 5.18 7.18
B596 NRC | 12.3 BHI A unheated | 96 6.64

B596 NRC | 12.3 BHI A unheated | 167 5.88 6.18
B596 NRC | 12.3 BHI A unheated | 192 5.32 5.79
B596 NRC | 12.3 BHI A unheated | 216 511 5.72
B596 NRC | 12.3 BHI A unheated | 240 5.29 5.58
B596 NRC | 12.3 BHI A unheated | 264 5.26 5.69
B596 NRC | 12.3 BHI A unheated | 335 5.05 5.66
B596 NRC | 29.8 RIF A unheated | O 1.79 6.8
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B596 NRC | 29.8 RIF A unheated | 2 1.89

B596 NRC | 29.8 RIF A unheated | 4 2.65

B596 NRC | 29.8 RIF A unheated | 5 3.58

B596 NRC | 29.8 RIF A unheated | 7 5.09

B596 NRC | 29.8 RIF A unheated | 10 6.48 6.65
B596 NRC | 29.8 RIF A unheated | 12 6.98

B596 NRC | 29.8 RIF A unheated | 24 7.76

B596 NRC | 29.8 RIF A unheated | 30 6.90 5.72
B596 NRC | 24.7 RIF A unheated | O 1.78 6.8
B596 NRC | 24.7 RIF A unheated | 2 191

B596 NRC | 24.7 RIF A unheated | 5 281

B596 NRC | 24.7 RIF A unheated | 7 3.68

B596 NRC | 24.7 RIF A unheated | 8 4.28

B596 NRC | 24.7 RIF A unheated | 10 5.01 6.87
B596 NRC | 24.7 RIF A unheated | 12 5.56

B596 NRC | 24.7 RIF A unheated | 24 8.07

B596 NRC | 24.7 RIF A unheated | 30 7.85 6.21
B596 NRC | 22.0 RIF A unheated | O 1.66 6.8
B596 NRC | 22.0 RIF A unheated | 2 1.87

B596 NRC | 22.0 RIF A unheated | 5 2.10

B596 NRC | 22.0 RIF A unheated | 7 3.09

B596 NRC | 22.0 RIF A unheated | 8 3.29

B596 NRC | 22.0 RIF A unheated | 10 4.01 6.9
B596 NRC | 22.0 RIF A unheated | 12 4.44

B596 NRC | 22.0 RIF A unheated | 24 7.64
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B596 NRC | 22.0 RIF A unheated | 30 7.74 6.67
B596 NRC | 18.0 RIF A unheated | O 1.78 6.8
B596 NRC | 18.0 RIF A unheated | 5 1.91

B596 NRC | 18.0 RIF A unheated | 8 2.04

B596 NRC | 18.0 RIF A unheated | 12 2.48 6.76
B596 NRC | 18.0 RIF A unheated | 24 5.26

B596 NRC | 18.0 RIF A unheated | 30 6.26

B596 NRC | 18.0 RIF A unheated | 48 8.01

B596 NRC | 18.0 RIF A unheated | 54 7.79

B596 NRC | 18.0 RIF A unheated | 72 7.99 5.99
B596 NRC | 14.8 RIF A unheated | 0 1.74 6.8
B596 NRC | 14.8 RIF A unheated | 12 1.78 6.82
B596 NRC | 14.8 RIF A unheated | 24 2.87

B596 NRC | 14.8 RIF A unheated | 30 3.64

B596 NRC | 14.8 RIF A unheated | 48 5.37

B596 NRC | 14.8 RIF A unheated | 54 6.09

B596 NRC | 14.8 RIF A unheated | 72 6.95 6.57
B596 NRC | 14.8 RIF A unheated | 96 7.44

B596 NRC | 12.3 RIF A unheated | O 1.73 6.8
B596 NRC | 12.3 RIF A unheated | 24 1.82

B596 NRC | 12.3 RIF A unheated | 48 3.01

B596 NRC | 12.3 RIF A unheated | 72 4.25 6.86
B596 NRC | 12.3 RIF A unheated | 96 5.22

B596 NRC | 12.3 RIF A unheated | 167 7.99

B596 NRC | 12.3 RIF A unheated | 192 7.67

B596 NRC | 12.3 RIF A unheated | 216 7.09 5.75
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B596 NRC | 123 RIF A unheated | 240 6.39
B596 NRC | 123 RIF A unheated | 264 | 5.94
B596 NRC | 12.3 RIF A unheated | 335 5.97 4.92
B594 IFR | 9.0 RIF A heated 0 2.32
B594 IFR | 9.0 RIF A heated 24 2.52
B594 IFR | 9.0 RIF A heated 36 2.46
B594 IFR | 9.0 RIF A heated 48 2.56
B594 IFR | 9.0 RIF A heated 72 2.46
B594 IFR | 9.0 RIF A heated 96 2.56
B594 IFR | 9.0 RIF A heated 120 2.47
B594 IFR | 9.0 RIF A heated 144 | 2.45
B594 IFR | 9.0 RIF A heated 168 2.52
B594 IFR | 9.0 RIF A heated 264 | 251
B594 IFR | 9.0 RIF A heated 480 2.52
B594 IFR 12.1 RIF A heated 0 2.40
B594 IFR 12.1 RIF A heated 6 2.50
B594 IFR 12.1 RIF A heated 12 2.47
B594 IFR 12.1 RIF A heated 24 2.48
B594 IFR 12.1 RIF A heated 36 2.51
B594 IFR 12.1 RIF A heated 48 2.51
B594 IFR 12.1 RIF A heated 60 2.62
B594 IFR 12.1 RIF A heated 72 2.56
B594 IFR 12.1 RIF A heated 84 2.69
B594 IFR 12.1 RIF A heated 96 2.51
B594 IFR 12.1 RIF A heated 120 2.58
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B594 IFR 12.1 RIF A heated 144 | 2.63
B594 IFR 12.1 RIF A heated 168 2.66
B594 IFR 12.1 RIF A heated 264 | 3.03
B594 IFR 12.1 RIF A heated 360 3.09
B594 IFR 12.1 RIF A heated 480 3.10
B594 IFR 15.1 RIF A heated 0 2.41
B594 IFR 15.1 RIF A heated 2 2.53
B594 IFR 15.1 RIF A heated 4 2.48
B594 IFR 15.1 RIF A heated 6 2.54
B594 IFR 15.1 RIF A heated 8 2.49
B594 IFR 15.1 RIF A heated 10 2.50
B594 IFR 15.1 RIF A heated 12 2.39
B594 IFR 15.1 RIF A heated 24 2.70
B594 IFR 15.1 RIF A heated 30 2.88
B594 IFR 15.1 RIF A heated 48 4.17
B594 IFR 15.1 RIF A heated 60 4.96
B594 IFR 15.1 RIF A heated 72 5.76
B594 IFR 15.1 RIF A heated 96 6.82
B594 IFR 15.1 RIF A heated 120 7.19
B594 IFR 15.1 RIF A heated 144 | 7.39
B594 IFR 15.1 RIF A heated 168 7.31
B594 IFR 18.1 RIF A heated 0 2.42
B594 IFR 18.1 RIF A heated 2 2.50
B594 IFR 18.1 RIF A heated 4 2.61
B594 IFR 18.1 RIF A heated 8 2.48
B594 IFR 18.1 RIF A heated 10 2.49
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B594 IFR 18.1 RIF A heated 12 2.57
B594 IFR 18.1 RIF A heated 24 4.45
B594 IFR 18.1 RIF A heated 30 5.48
B594 IFR 18.1 RIF A heated 48 7.57
B594 IFR 18.1 RIF A heated 60 7.94
B594 IFR 18.1 RIF A heated 72 8.12
B594 IFR 18.1 RIF A heated 96 8.31
B594 IFR 18.1 RIF A heated 120 8.30
B594 IFR 18.1 RIF A heated 144 | 8.22
B594 IFR | 22.1 RIF A heated 0 2.37
B594 IFR | 221 RIF A heated 2 2.36
B594 IFR | 22.1 RIF A heated 3 2.44
B594 IFR | 22.1 RIF A heated 4 2.53
B594 IFR | 221 RIF A heated 6 2.41
B594 IFR | 221 RIF A heated 8 2.80
B594 IFR | 221 RIF A heated 10 3.04
B594 IFR | 221 RIF A heated 12 3.60
B594 IFR | 221 RIF A heated 24 6.99
B594 IFR | 221 RIF A heated 30 7.21
B594 IFR | 221 RIF A heated 36 7.62
B594 IFR | 221 RIF A heated 48 8.16
B594 IFR | 221 RIF A heated 60 8.40
B594 IFR | 221 RIF A heated 72 8.50
B594 IFR | 9.0 RIF B heated 0 2.09
B594 IFR | 9.0 RIF B heated 24 2.03
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B594 IFR | 9.0 RIF heated 72 2.01
B594 IFR | 9.0 RIF heated 96 2.03
B594 IFR | 9.0 RIF heated 144 1.97
B594 IFR | 9.0 RIF heated 168 1.89
B594 IFR | 9.0 RIF heated 264 1.98
B594 IFR | 9.0 RIF heated 360 1.94
B594 IFR | 9.0 RIF heated 480 1.98
B594 IFR 12.1 RIF heated 0 2.03
B594 IFR 12.1 RIF heated 24 2.06
B594 IFR 12.1 RIF heated 72 2.10
B594 IFR 12.1 RIF heated 96 2.02
B594 IFR 12.1 RIF heated 144 | 2.00
B594 IFR 12.1 RIF heated 168 1.88
B594 IFR 12.1 RIF heated 264 | 2.00
B594 IFR 12.1 RIF heated 360 1.98
B594 IFR 12.1 RIF heated 480 1.96
B594 IFR 15.0 RIF heated 0 2.09
B594 IFR 15.0 RIF heated 2 2.01
B594 IFR 15.0 RIF heated 4 1.95
B594 IFR 15.0 RIF heated 8 2.07
B594 IFR 15.0 RIF heated 12 2.10
B594 IFR 15.0 RIF heated 24 2.53
B594 IFR 15.0 RIF heated 30 2.96
B594 IFR 15.0 RIF heated 48 4.19
B594 IFR 15.0 RIF heated 72 5.72
B594 IFR 15.0 RIF heated 96 6.64
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B594 IFR 15.0 RIF heated 120 7.32
B594 IFR 15.0 RIF heated 144 | 7.80
B594 IFR 15.0 RIF heated 168 7.98
B594 IFR 18.1 RIF heated 0 2.08
B594 IFR 18.1 RIF heated 2 2.04
B594 IFR 18.1 RIF heated 4 2.08
B594 IFR 18.1 RIF heated 8 2.10
B594 IFR 18.1 RIF heated 12 2.25
B594 IFR 18.1 RIF heated 24 4.44
B594 IFR 18.1 RIF heated 30 5.52
B594 IFR 18.1 RIF heated 48 7.21
B594 IFR 18.1 RIF heated 72 8.16
B594 IFR 18.1 RIF heated 96 8.27
B594 IFR 18.1 RIF heated 120 8.29
B594 IFR | 22.0 RIF heated 0 2.06
B594 IFR | 22.0 RIF heated 2 2.13
B594 IFR | 22.0 RIF heated 3 2.10
B594 IFR | 22.0 RIF heated 4 2.18
B594 IFR | 22.0 RIF heated 6 2.19
B594 IFR | 22.0 RIF heated 8 2.55
B594 IFR | 22.0 RIF heated 10 3.43
B594 IFR | 22.0 RIF heated 12 3.88
B594 IFR | 22.0 RIF heated 24 7.00
B594 IFR | 22.0 RIF heated 30 7.59
B594 IFR | 22.0 RIF heated 48 8.03
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B594 IFR 220 RIF B heated 72 7.64
B594 IFR 220 RIF B unheated | O 2.75
B594 IFR | 22.0 RIF B unheated | 2 3.02
B594 IFR 220 RIF B unheated | 3 3.14
B594 IFR | 22.0 RIF B unheated | 4 3.22
B594 IFR | 22.0 RIF B unheated | 6 4.03
B594 IFR 220 RIF B unheated | 24 7.73
B594 IFR | 22.0 RIF B unheated | 30 7.89
B594 IFR 220 RIF B unheated | 48 8.21
B594 IFR 9.0 RIF c heated 0 2.01
B594 IFR 9.0 RIF C heated 24 2.03
B594 IFR 9.0 RIF c heated 72 2.07
B594 IFR 9.0 RIF c heated 144 2.02
B594 IFR 9.0 RIF C heated 168 1.92
B594 IFR 9.0 RIF c heated 264 1.94
B594 IFR | 9.0 RIF c heated 360 | 1.89
B594 IFR 12.1 RIF C heated 0 2.06
B594 IFR 12.1 RIF c heated 24 2.03
B594 IFR 12.1 RIF C heated 72 214
B594 IFR 12.1 RIF c heated 144 2.57
B594 IFR 12.1 RIF c heated 168 3.16
B594 IFR 121 RIF Cc heated 264 3.12
B594 IFR 12.1 RIF c heated 360 2.59
B594 IFR 15.0 RIF Cc heated 0 2.03
B594 IFR 15.0 RIF Cc heated 8 2.00
B594 IFR 15.0 RIF Cc heated 12 2.14
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B594 IFR 15.0 RIF C heated 24 2.46
B594 IFR 15.0 RIF C heated 30 3.02
B594 IFR 15.0 RIF Cc heated 48 4.20
B594 IFR 15.0 RIF C heated 72 5.54
B594 IFR 15.0 RIF Cc heated 96 6.66
B594 IFR 15.0 RIF Cc heated 120 7.27
B594 IFR 15.0 RIF C heated 144 | 7.45
B594 IFR 15.0 RIF c heated 168 7.00
B594 IFR 18.1 RIF C heated 0 2.03
B594 IFR 18.1 RIF C heated 4 2.05
B594 IFR 18.1 RIF c heated 8 2.09
B594 IFR 18.1 RIF C heated 12 2.34
B594 IFR 18.1 RIF C heated 24 4.63
B594 IFR 18.1 RIF c heated 30 5.73
B594 IFR 18.1 RIF C heated 48 7.61
B594 IFR 18.1 RIF Cc heated 72 8.17
B594 IFR 18.1 RIF Cc heated 96 8.34
B594 IFR 18.1 RIF C heated 120 8.48
B594 IFR 18.1 RIF Cc heated 144 | 8.41
B594 IFR | 22.0 RIF C heated 0 1.99
B594 IFR | 22.0 RIF C heated 2 2.03
B594 IFR | 22.0 RIF Cc heated 3 2.01
B594 IFR | 22.0 RIF C heated 4 2.14
B594 IFR | 22.0 RIF Cc heated 6 2.14
B594 IFR | 22.0 RIF o heated 8 2.40
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B594 IFR 220 RIF c heated 10 3.08
B594 IFR 220 RIF c heated 12 3.80
B594 IFR 220 RIF C heated 24 6.90
B594 IFR 220 RIF c heated 30 7.38
B594 IFR 220 RIF C heated 48 8.15
B594 IFR 220 RIF C heated 72 8.23
B594 IFR 220 RIF c heated 96 8.08
B594 IFR | 22.0 RIF C unheated | 0 2.89
B594 IFR 220 RIF c unheated | 2 3.18
B594 IFR 220 RIF c unheated | 3 3.17
B594 IFR | 22.0 RIF C unheated | 4 3.14
B594 IFR 220 RIF c unheated | 6 4.06
B594 IFR 220 RIF c unheated | 8 4.85
B594 IFR | 22.0 RIF C unheated | 10 5.59
B594 IFR 220 RIF c unheated | 12 6.21
B594 IFR | 22.0 RIF Cc unheated | 24 7.88
B594 IFR | 22.0 RIF Cc unheated | 30 8.05
B594 IFR 220 RIF c unheated | 48 8.34
B596 IFR 9.0 RIF A heated 0 1.92
B596 IFR 9.0 RIF A heated 24 1.86
B596 IFR 9.0 RIF A heated 72 1.90
B596 IFR 9.0 RIF A heated 96 1.98
B596 IFR 9.0 RIF A heated 144 2.04
B596 IFR 9.0 RIF A heated 168 1.88
B596 IFR 9.0 RIF A heated 264 1.85
B596 IFR 9.0 RIF A heated 360 1.98
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B596 IFR | 9.0 RIF A heated 480 1.95
B596 IFR | 9.0 RIF heated 0 1.67
B596 IFR | 9.0 RIF B heated 24 1.72
B596 IFR | 9.0 RIF B heated 72 1.66
B596 IFR | 9.0 RIF B heated 96 1.74
B596 IFR | 9.0 RIF B heated 144 1.70
B596 IFR | 9.0 RIF B heated 168 1.83
B596 IFR 12.0 RIF A heated 0 1.92
B596 IFR 12.0 RIF A heated 24 1.94
B596 IFR 12.0 RIF A heated 72 2.37
B596 IFR 12.0 RIF A heated 96 2.63
B596 IFR 12.0 RIF A heated 144 | 3.37
B596 IFR 12.0 RIF A heated 168 3.97
B596 IFR 12.0 RIF A heated 216 5.29
B596 IFR 12.0 RIF A heated 264 | 6.37
B596 IFR 12.0 RIF A heated 312 6.84
B596 IFR 12.0 RIF A heated 360 7.04
B596 IFR 12.0 RIF A heated 480 7.08
B596 IFR 12.1 RIF B heated 0 1.77
B596 IFR 12.1 RIF B heated 24 1.69
B596 IFR 12.1 RIF B heated 72 1.94
B596 IFR 12.1 RIF B heated 96 2.39
B596 IFR 12.1 RIF B heated 144 | 3.04
B596 IFR 12.1 RIF B heated 168 3.36
B596 IFR 12.1 RIF B heated 216 5.36
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B596 IFR 12.1 RIF B heated 264 | 6.25
B596 IFR 15.0 RIF A heated 0 1.86
B596 IFR 15.0 RIF A heated 2 1.91
B596 IFR 15.0 RIF A heated 3 1.95
B596 IFR 15.0 RIF A heated 8 2.15
B596 IFR 15.0 RIF A heated 12 2.08
B596 IFR 15.0 RIF A heated 24 2.33
B596 IFR 15.0 RIF A heated 30 2.78
B596 IFR 15.0 RIF A heated 48 4.54
B596 IFR 15.0 RIF A heated 72 6.56
B596 IFR 15.0 RIF A heated 96 7.38
B596 IFR 15.0 RIF A heated 120 7.64
B596 IFR 15.0 RIF A heated 144 | 7.56
B596 IFR 15.0 RIF A heated 168 7.46
B596 IFR 15.0 RIF B heated 0 1.68
B596 IFR 15.0 RIF B heated 2 1.79
B596 IFR 15.0 RIF B heated 4 1.78
B596 IFR 15.0 RIF B heated 8 1.82
B596 IFR 15.0 RIF B heated 12 1.95
B596 IFR 15.0 RIF B heated 24 1.94
B596 IFR 15.0 RIF B heated 30 2.50
B596 IFR 15.0 RIF B heated 48 4.23
B596 IFR 15.0 RIF B heated 72 6.46
B596 IFR 15.0 RIF B heated 96 7.26
B596 IFR 15.0 RIF B heated 120 7.48
B596 IFR 15.0 RIF B heated 144 | 7.57
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B596 IFR 15.0 RIF B heated 168 7.72
B596 IFR 18.1 RIF A heated 0 1.98
B596 IFR 18.1 RIF A heated 2 1.90
B596 IFR 18.1 RIF A heated 3 1.95
B596 IFR 18.1 RIF A heated 8 2.17
B596 IFR 18.1 RIF A heated 12 2.67
B596 IFR 18.1 RIF A heated 24 4.01
B596 IFR 18.1 RIF A heated 30 5.20
B596 IFR 18.1 RIF A heated 48 7.04
B596 IFR 18.1 RIF A heated 72 7.68
B596 IFR 18.1 RIF A heated 96 7.83
B596 IFR 18.1 RIF A heated 120 7.86
B596 IFR 18.1 RIF B heated 0 1.73
B596 IFR 18.1 RIF B heated 2 1.74
B596 IFR 18.1 RIF B heated 4 1.81
B596 IFR 18.1 RIF B heated 8 1.80
B596 IFR 18.1 RIF B heated 12 1.99
B596 IFR 18.1 RIF B heated 24 3.67
B596 IFR 18.1 RIF B heated 30 4.83
B596 IFR 18.1 RIF B heated 48 6.92
B596 IFR 18.1 RIF B heated 72 7.90
B596 IFR 18.1 RIF B heated 96 8.06
B596 IFR 18.1 RIF B heated 120 8.01
B596 IFR | 23.0 RIF A heated 0 191
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B596 IFR | 23.0 RIF A heated 2 1.88
B596 IFR | 23.0 RIF A heated 3 2.18
B596 IFR | 23.0 RIF A heated 4 1.97
B596 IFR | 23.0 RIF A heated 6 2.72
B596 IFR | 23.0 RIF A heated 8 2.56
B596 IFR | 23.0 RIF A heated 10 2.90
B596 IFR | 23.0 RIF A heated 12 3.30
B596 IFR | 23.0 RIF A heated 24 6.67
B596 IFR | 23.0 RIF A heated 30 7.43
B596 IFR | 23.0 RIF A heated 48 7.62
B596 IFR | 23.0 RIF A heated 72 7.14
B596 IFR | 23.0 RIF A heated 96 6.75
B596 IFR | 219 RIF B heated 0 1.74
B596 IFR | 219 RIF B heated 2 171
B596 IFR | 219 RIF B heated 3 1.68
B596 IFR | 219 RIF B heated 4 1.74
B596 IFR | 219 RIF B heated 6 1.82
B596 IFR | 219 RIF B heated 8 2.00
B596 IFR | 219 RIF B heated 10 2.21
B596 IFR | 219 RIF B heated 12 2.76
B596 IFR | 219 RIF B heated 24 6.33
B596 IFR | 21.9 RIF B heated 30 7.29
B596 IFR | 219 RIF B heated 48 7.60
B596 IFR | 21.9 RIF B heated 72 7.40
B596 IFR | 21.9 RIF B heated 96 7.00
B596 IFR | 23.0 RIF A unheated | 0 2.10
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B596 IFR 23.0 RIF A unheated | 2 2.62
B596 IFR 23.0 RIF A unheated | 3 2.77
B596 IFR | 23.0 RIF A unheated | 4 2.97
B596 IFR 23.0 RIF A unheated | 6 3.37
B596 IFR | 23.0 RIF A unheated | 8 3.87
B596 IFR | 23.0 RIF A unheated | 10 4.48
B596 IFR 23.0 RIF A unheated | 24 7.30
B596 IFR | 23.0 RIF A unheated | 30 7.60
B596 IFR 23.0 RIF A unheated | 48 7.67
B596 IFR 23.0 RIF A unheated | 72 7.37
B596 IFR | 23.0 RIF A unheated | 96 7.22
B596 IFR 21.9 RIF B unheated | O 221
B596 IFR 21.9 RIF B unheated | 2 2.69
B596 IFR | 21.9 RIF B unheated | 3 2.68
B596 IFR 21.9 RIF B unheated | 4 2.87
B596 IFR | 219 RIF B unheated | 6 3.15
B596 IFR 21.9 RIF B unheated | 8 411
B596 IFR 21.9 RIF B unheated | 10 4.37
B596 IFR 21.9 RIF B unheated | 12 5.07
B596 IFR 21.9 RIF B unheated | 24 7.05
B596 IFR 21.9 RIF B unheated | 30 7.51
B596 IFR 21.9 RIF B unheated | 48 7.76
B596 IFR 9.0 RIF C heated 0 1.82
B596 IFR 9.0 RIF C heated 24 1.87
B596 IFR 9.0 RIF C heated 72 1.81
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B596 IFR | 9.0 RIF C heated 96 1.86
B596 IFR | 9.0 RIF C heated 144 1.84
B596 IFR | 9.0 RIF C heated 216 1.76
B596 IFR | 9.0 RIF C heated 264 1.81
B596 IFR | 9.0 RIF C heated 480 1.98
B596 IFR 12.1 RIF C heated 0 1.80
B596 IFR 12.1 RIF C heated 24 1.91
B596 IFR 12.1 RIF C heated 72 2.35
B596 IFR 12.1 RIF C heated 96 2.85
B596 IFR 12.1 RIF C heated 144 | 3.69
B596 IFR 12.1 RIF C heated 168 | 4.03
B596 IFR 12.1 RIF C heated 216 | 4.48
B596 IFR 12.1 RIF C heated 264 | 4.83
B596 IFR 12.1 RIF C heated 312 5.13
B596 IFR 12.1 RIF C heated 360 5.45
B596 IFR 12.1 RIF Cc heated 480 5.44
B596 IFR 15.1 RIF Cc heated 0 1.80
B596 IFR 15.1 RIF C heated 2 1.82
B596 IFR 15.1 RIF C heated 4 1.78
B596 IFR 15.1 RIF C heated 8 1.86
B596 IFR 15.1 RIF C heated 12 1.67
B596 IFR 15.1 RIF Cc heated 24 2.11
B596 IFR 15.1 RIF C heated 30 2.53
B596 IFR 15.1 RIF C heated 48 4.33
B596 IFR 15.1 RIF C heated 72 6.64
B596 IFR 15.1 RIF C heated 96 7.30
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B596 IFR 15.1 RIF C heated 120 7.58
B596 IFR 15.1 RIF C heated 144 | 7.71
B596 IFR 18.1 RIF Cc heated 0 1.79
B596 IFR 18.1 RIF C heated 2 1.82
B596 IFR 18.1 RIF Cc heated 4 1.69
B596 IFR 18.1 RIF Cc heated 8 1.85
B596 IFR 18.1 RIF C heated 12 2.01
B596 IFR 18.1 RIF c heated 24 3.80
B596 IFR 18.1 RIF C heated 30 4.92
B596 IFR 18.1 RIF C heated 48 7.18
B596 IFR 18.1 RIF c heated 72 7.94
B596 IFR 18.1 RIF C heated 96 8.10
B596 IFR 18.1 RIF C heated 120 8.22
B596 IFR | 221 RIF c heated 0 1.82
B596 IFR | 221 RIF C heated 2 1.91
B596 IFR | 221 RIF Cc heated 3 1.73
B596 IFR | 221 RIF Cc heated 4 1.76
B596 IFR | 221 RIF C heated 6 1.90
B596 IFR | 221 RIF Cc heated 8 2.03
B596 IFR | 221 RIF C heated 10 2.26
B596 IFR | 221 RIF C heated 12 3.03
B596 IFR | 221 RIF Cc heated 24 6.69
B596 IFR | 221 RIF C heated 30 7.36
B596 IFR | 221 RIF Cc heated 48 7.74
B596 IFR | 221 RIF o heated 72 8.10
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B596 IFR 221 RIF c heated 96 7.62

B596 IFR 221 RIF c unheated | O 2.08

B596 IFR | 221 RIF C unheated | 2 2.53

B596 IFR 221 RIF c unheated | 3 2.59

B596 IFR | 221 RIF C unheated | 4 2.68

B596 IFR | 221 RIF C unheated | 6 3.07

B596 IFR 221 RIF c unheated | 8 3.84

B596 IFR 221 RIF C unheated | 10 4.41

B596 IFR 221 RIF c unheated | 12 5.05

B596 IFR 221 RIF c unheated | 24 7.43

B596 IFR | 22.1 RIF C unheated | 30 7.79

B596 IFR 221 RIF c unheated | 48 7.87

B577 IFR 119 BHI c heated 0 1.50

B577 IFR 119 BHI C heated 24 1.64

B577 IFR 11.9 BHI c heated 72 3.32

B577 IFR 119 BHI C heated 96 4.18 7.3
B577 IFR 119 BHI C heated 144 6.77

B577 IFR 119 BHI c heated 168 6.62 6.95
B577 IFR 119 BHI C heated 216 6.28

B577 IFR 119 BHI c heated 264 6.38 6.69
B577 IFR 119 BHI c heated 312 5.30 6.8
B577 IFR 11.9 BHI Cc heated 360 541

B577 IFR 119 BHI c heated 480 5.29 6.27
B577 IFR 151 BHI Cc heated 0 1.66

B577 IFR 151 BHI Cc heated 4 1.56

B577 IFR 15.1 BHI Cc heated 12 1.87
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B577 IFR 15.1 BHI C heated 24 2.20

B577 IFR 15.1 BHI C heated 30 2.63 7.38
B577 IFR 15.1 BHI Cc heated 49 4.95

B577 IFR 15.1 BHI C heated 72 7.13 7.05
B577 IFR 15.1 BHI Cc heated 120 7.46

B577 IFR 15.1 BHI Cc heated 144 | 7.76 6.68
B577 IFR 15.1 BHI C heated 168 5.13 6.33
B577 IFR 18.1 BHI c heated 0 1.50

B577 IFR 18.1 BHI C heated 4 1.66

B577 IFR 18.1 BHI C heated 12 1.87

B577 IFR 18.1 BHI c heated 24 4.69 7.36
B577 IFR 18.1 BHI C heated 30 6.05

B577 IFR 18.1 BHI C heated 49 6.25 6.8
B577 IFR 18.1 BHI c heated 72 6.34 6.68
B577 IFR 18.1 BHI C heated 96 7.30 6.37
B577 IFR 18.1 BHI Cc heated 120 7.76 6
B577 IFR | 22.0 BHI Cc heated 0 1.55

B577 IFR | 22.0 BHI C heated 2 1.45

B577 IFR | 22.0 BHI Cc heated 4 1.60

B577 IFR | 22.0 BHI C heated 8 1.75

B577 IFR | 22.0 BHI C heated 10 3.03

B577 IFR | 22.0 BHI Cc heated 12 3.84 7.39
B577 IFR | 22.0 BHI C heated 24 7.24 6.79
B577 IFR | 22.0 BHI Cc heated 30 7.30

B577 IFR | 22.0 BHI o heated 49 7.57 6.09
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B577 IFR 220 BHI c heated 72 7.76
B577 IFR 220 BHI c heated 96 8.09 6.25
B577 IFR | 22.0 BHI C unheated | 0 2.76
B577 IFR 220 BHI c unheated | 2 3.15
B577 IFR | 22.0 BHI C unheated | 4 3.30
B577 IFR | 22.0 BHI C unheated | 6 3.58
B577 IFR 220 BHI c unheated | 8 4.64
B577 IFR | 22.0 BHI C unheated | 10 5.60
B577 IFR 220 BHI c unheated | 12 5.93 7.35
B577 IFR 220 BHI c unheated | 24 7.30 6.47
B577 IFR | 22.0 BHI C unheated | 30 7.37
B577 IFR 220 BHI c unheated | 49 7.51 5.94
B577 IFR 220 BHI c unheated | 72 7.68 6.15
B577 IFR 25.0 BHI C heated 0 1.46
B577 IFR 25.0 BHI c heated 2 1.72
B577 IFR 25.0 BHI C heated 4 1.78
B577 IFR 25.0 BHI C heated 6 2.00
B577 IFR 25.0 BHI c heated 8 3.12
B577 IFR 25.0 BHI C heated 10 3.85
B577 IFR 25.0 BHI c heated 12 5.00 7.41
B577 IFR 25.0 BHI c heated 24 7.74 6.28
B577 IFR 25.0 BHI Cc heated 30 7.75
B577 IFR 25.0 BHI c heated 49 7.80 6.08
B577 IFR 25.0 BHI Cc heated 72 7.74 6.65
B577 IFR 121 RIF A heated 0 1.80
B577 IFR 12.1 RIF A heated 21 1.82
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B577 IFR 12.1 RIF A heated 24 1.95
B577 IFR 12.1 RIF A heated 72 2.48
B577 IFR 12.1 RIF A heated 96 3.12
B577 IFR 12.1 RIF A heated 144 | 4.83
B577 IFR 12.1 RIF A heated 168 5.46
B577 IFR 12.1 RIF A heated 216 5.87
B577 IFR 12.1 RIF A heated 264 | 6.18
B577 IFR 12.1 RIF A heated 312 6.28
B577 IFR 12.1 RIF A heated 360 6.47
B577 IFR 15.1 RIF A heated 0 1.82
B577 IFR 15.1 RIF A heated 4 1.89
B577 IFR 15.1 RIF A heated 12 1.88
B577 IFR 15.1 RIF A heated 21 2.11
B577 IFR 15.1 RIF A heated 24 2.10
B577 IFR 15.1 RIF A heated 30 2.53
B577 IFR 15.1 RIF A heated 49 4.64
B577 IFR 15.1 RIF A heated 72 6.51
B577 IFR 15.1 RIF A heated 96 7.33
B577 IFR 15.1 RIF A heated 120 7.86
B577 IFR 15.1 RIF A heated 144 | 8.17
B577 IFR 15.1 RIF A heated 168 8.36
B577 IFR 18.2 RIF A heated 0 1.81
B577 IFR 18.2 RIF A heated 4 1.91
B577 IFR 18.2 RIF A heated 12 1.99
B577 IFR 18.2 RIF A heated 21 3.66
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B577 IFR 18.2 RIF A heated 24 4.26
B577 IFR 18.2 RIF A heated 30 5.14
B577 IFR 18.2 RIF A heated 49 7.26
B577 IFR 18.2 RIF A heated 72 8.07
B577 IFR 18.2 RIF A heated 96 7.88
B577 IFR 18.2 RIF A heated 120 7.56
B577 IFR | 22.0 RIF A heated 0 1.87
B577 IFR | 22.0 RIF A heated 2 1.87
B577 IFR | 22.0 RIF A heated 4 1.90
B577 IFR | 22.0 RIF A heated 8 2.08
B577 IFR | 22.0 RIF A heated 10 2.68
B577 IFR | 22.0 RIF A heated 12 3.31
B577 IFR | 22.0 RIF A heated 21 6.46
B577 IFR | 22.0 RIF A heated 24 6.71
B577 IFR | 22.0 RIF A heated 30 7.25
B577 IFR | 22.0 RIF A heated 49 8.23
B577 IFR | 22.0 RIF A heated 72 8.41
B577 IFR | 22.0 RIF A heated 96 7.86
B577 IFR | 22.0 RIF A unheated | O 1.20
B577 IFR | 22.0 RIF A unheated | 2 1.67
B577 IFR | 22.0 RIF A unheated | 3 1.56
B577 IFR | 22.0 RIF A unheated | 4 1.78
B577 IFR | 22.0 RIF A unheated | 6 2.43
B577 IFR | 22.0 RIF A unheated | 8 3.26
B577 IFR | 22.0 RIF A unheated | 10 3.88
B577 IFR | 22.0 RIF A unheated | 12 4.67
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B577 IFR 22.0 RIF A unheated | 21 6.90
B577 IFR 22.0 RIF A unheated | 24 7.29
B577 IFR | 22.0 RIF A unheated | 30 7.86
B577 IFR 22.0 RIF A unheated | 49 8.47
B577 IFR 22.0 RIF A unheated | 72 8.64
B577 IFR 24.9 RIF A heated 0 1.80
B577 IFR 24.9 RIF A heated 2 1.80
B577 IFR 24.9 RIF A heated 3 1.85
B577 IFR 24.9 RIF A heated 4 1.67
B577 IFR 24.9 RIF A heated 6 2.22
B577 IFR 24.9 RIF A heated 8 3.12
B577 IFR 24.9 RIF A heated 12 4.52
B577 IFR 24.9 RIF A heated 21 7.03
B577 IFR 24.9 RIF A heated 24 7.60
B577 IFR 24.9 RIF A heated 49 8.62
B577 IFR 24.9 RIF A heated 72 8.70
B577 IFR 11.9 RIF B heated 0 1.82
B577 IFR 119 RIF B heated 21 1.79
B577 IFR 11.9 RIF B heated 24 1.74
B577 IFR 119 RIF B heated 72 241
B577 IFR 11.9 RIF B heated 96 3.04
B577 IFR 151 RIF B heated 0 1.84
B577 IFR 15.1 RIF B heated 4 1.75
B577 IFR 15.1 RIF B heated 12 1.79
B577 IFR 15.1 RIF B heated 21 1.90
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B577 IFR 15.1 RIF heated 24 2.04
B577 IFR 15.1 RIF heated 30 2.51
B577 IFR 15.1 RIF heated 49 4.40
B577 IFR 15.1 RIF heated 72 6.70
B577 IFR 15.1 RIF heated 96 7.36
B577 IFR 15.1 RIF heated 120 7.88
B577 IFR 18.2 RIF heated 0 1.80
B577 IFR 18.2 RIF heated 4 1.69
B577 IFR 18.2 RIF heated 12 1.93
B577 IFR 18.2 RIF heated 21 3.53
B577 IFR 18.2 RIF heated 24 4.02
B577 IFR 18.2 RIF heated 30 5.16
B577 IFR 18.2 RIF heated 49 7.18
B577 IFR 18.2 RIF heated 72 8.29
B577 IFR 18.2 RIF heated 96 8.63
B577 IFR 18.2 RIF heated 120 8.70
B577 IFR | 22.0 RIF heated 0 1.68
B577 IFR | 22.0 RIF heated 2 1.87
B577 IFR | 22.0 RIF heated 4 1.80
B577 IFR | 22.0 RIF heated 8 1.99
B577 IFR | 22.0 RIF heated 10 2.74
B577 IFR | 22.0 RIF heated 12 3.31
B577 IFR | 22.0 RIF heated 21 6.64
B577 IFR | 22.0 RIF heated 24 7.07
B577 IFR | 22.0 RIF heated 30 7.68
B577 IFR | 22.0 RIF heated 49 8.48
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B577 IFR | 22.0 RIF heated 72 8.34
B577 IFR | 22.0 RIF heated 96 8.59
B577 IFR | 22.0 RIF heated 0 1.53
B577 IFR | 22.0 RIF heated 2 2.25
B577 IFR | 22.0 RIF heated 6 3.34
B577 IFR | 22.0 RIF heated 8 4.14
B577 IFR | 22.0 RIF heated 10 481
B577 IFR | 22.0 RIF heated 12 5.46
B577 IFR | 22.0 RIF heated 21 7.32
B577 IFR | 22.0 RIF heated 24 7.61
B577 IFR | 22.0 RIF heated 30 8.14
B577 IFR | 22.0 RIF heated 49 8.67
B577 IFR | 22.0 RIF heated 72 8.52
B577 IFR | 249 RIF heated 0 1.82
B577 IFR | 249 RIF heated 2 171
B577 IFR | 249 RIF heated 4 1.91
B577 IFR | 249 RIF heated 6 2.08
B577 IFR | 249 RIF heated 8 2.69
B577 IFR | 249 RIF heated 10 3.42
B577 IFR | 249 RIF heated 12 4.20
B577 IFR | 249 RIF heated 21 7.14
B577 IFR | 24.9 RIF heated 24 7.65
B577 IFR | 249 RIF heated 30 8.25
B577 IFR | 24.9 RIF heated 49 8.27
B577 IFR | 24.9 RIF heated 72 8.73
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B577 IFR | 249 RIF B heated 96 8.22

B577 IFR 11.9 RIF C heated 0 1.64 6.81
B577 IFR 11.9 RIF C heated 24 1.58

B577 IFR 11.9 RIF C heated 72 2.17

B577 IFR 11.9 RIF C heated 96 3.09 6.78
B577 IFR 11.9 RIF C heated 144 | 3.99

B577 IFR 11.9 RIF C heated 168 | 4.40 6.92
B577 IFR 11.9 RIF C heated 216 5.19

B577 IFR 11.9 RIF C heated 264 | 5.37 7.28
B577 IFR 11.9 RIF C heated 312 5.51 7.55
B577 IFR 11.9 RIF C heated 360 5.85

B577 IFR 11.9 RIF C heated 480 5.64 6.58
B577 IFR 15.1 RIF C heated 0 1.51 6.81
B577 IFR 15.1 RIF C heated 4 1.45

B577 IFR 15.1 RIF C heated 12 1.66

B577 IFR 15.1 RIF Cc heated 24 1.79

B577 IFR 15.1 RIF Cc heated 30 2.36 6.92
B577 IFR 15.1 RIF C heated 49 4.26

B577 IFR 15.1 RIF C heated 72 6.47 6.8
B577 IFR 15.1 RIF C heated 96 7.21 6.33
B577 IFR 15.1 RIF C heated 120 7.68

B577 IFR 15.1 RIF Cc heated 144 | 7.82 6.28
B577 IFR 15.1 RIF C heated 168 7.12 6.55
B577 IFR 18.1 RIF C heated 0 1.39 6.81
B577 IFR 18.1 RIF C heated 4 1.51

B577 IFR 18.1 RIF C heated 12 1.65
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B577 IFR 18.1 RIF Cc heated 24 3.86 6.9
B577 IFR 18.1 RIF Cc heated 30 4.92

B577 IFR 18.1 RIF C heated 49 6.92 6.5
B577 IFR 18.1 RIF Cc heated 72 8.03 6.37
B577 IFR 18.1 RIF C heated 96 8.12 6.6
B577 IFR 18.1 RIF C heated 120 8.15

B577 IFR 22.0 RIF Cc heated 0 1.56 6.81
B577 IFR 22.0 RIF C heated 2 1.56

B577 IFR 22.0 RIF Cc heated 4 1.49

B577 IFR 22.0 RIF C heated 8 1.95

B577 IFR 22.0 RIF C heated 10 2.45

B577 IFR 22.0 RIF C heated 12 2.90 6.98
B577 IFR 22.0 RIF C heated 24 6.55 6.84
B577 IFR 22.0 RIF C heated 30 6.48

B577 IFR 220 RIF c heated 49 7.88 6.48
B577 IFR 22.0 RIF C heated 72 8.07

B577 IFR 22.0 RIF C heated 96 8.13 51
B577 IFR 220 RIF c unheated | O 2.92 6.81
B577 IFR | 22.0 RIF Cc unheated | 2 3.23

B577 IFR 220 RIF c unheated | 4 3.30

B577 IFR 220 RIF C unheated | 6 411

B577 IFR 22.0 RIF C unheated | 8 4.90

B577 IFR 220 RIF C unheated | 10 5.48

B577 IFR 22.0 RIF C unheated | 12 6.15 6.87
B577 IFR 22.0 RIF C unheated | 24 7.64 6.33
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B577 IFR 220 RIF c unheated | 30 7.75

B577 IFR 220 RIF c unheated | 49 8.27 6.6
B577 IFR | 22.0 RIF C unheated | 72 8.30

B577 IFR 25.0 RIF c heated 0 1.66 6.81
B577 IFR 25.0 RIF C heated 2 1.60

B577 IFR 25.0 RIF C heated 4 1.62

B577 IFR 25.0 RIF c heated 6 1.80

B577 IFR 25.0 RIF C heated 8 2.50

B577 IFR 250 RIF c heated 10 3.49

B577 IFR 250 RIF c heated 12 4.16 6.98
B577 IFR 25.0 RIF C heated 24 7.16 6.52
B577 IFR 250 RIF c heated 30 7.68

B577 IFR 250 RIF c heated 49 8.03 6.65
B577 IFR 25.0 RIF C heated 72 8.59
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ANNEX C — Estimated specific growth rates by means of turbidity
measurements.

*In bold, parameter taken as variable to assess cardinal values.

T(°C) | standard pH aw Mmax n° R?

3 deviation (h?) | points

) M

B594 | 13.00 | 0.02 740 [0997 (013 |8 0.9746
B594 | 13.00 | 0.02 740 [0997 [010 |7 0.9728
B594 | 13.00 | 0.02 740 [0997 [011 |8 0.9648
B594 | 1500 | 0.01 740 [0997 [029 |7 0.9945
B594 | 15.00 | 0.01 740 [0997 (033 |8 0.9933
B594 | 1500 | 0.01 740 [0997 [032 |7 0.9973
B594 | 1500 | 0.01 740 [0997 [035 |7 0.9982
B594 | 14.99 | 0.03 740 [0997 [032 |10 0.9857
B594 | 14.99 | 0.03 740 [0997 [034 |10 0.9670
B594 | 14.99 | 0.03 740 0997 [027 |7 0.9890
B594 | 14.99 | 0.03 740 [0997 [032 |10 0.9703
B594 | 18.01 | 0.02 740 [0997 [055 |10 0.9935
B594 | 18.01 | 0.02 740 [0997 [054 |10 0.9912
B594 | 18.01 | 0.02 740 [0997 [055 |10 0.9978
B594 | 18.01 | 0.02 740 [0997 [056 |10 0.9928
B594 | 2000 | 0.02 740 [0997 [071 |10 0.9937
B594 | 2000 | 0.02 740 [0997 [078 |10 0.9840
B594 | 20.00 | 0.02 740 [0997 [076 |10 0.9831
B594 | 2000 | 0.02 740 [0997 [076 |10 0.9969
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B594 | 25.00 | 0.04 7.40 0.997 | 1.44 10 0.9904
B594 | 25.00 | 0.04 7.40 0.997 | 1.49 10 0.9898
B594 | 25.00 | 0.04 7.40 0.997 | 1.52 10 0.9934
B594 | 25.00 | 0.04 7.40 0.997 | 1.48 10 0.9891
B594 | 30.00 | 0.00 7.40 0.997 | 2.13 10 0.9961
B594 | 30.00 | 0.00 7.40 0.997 | 2.22 10 0.9963
B594 | 30.00 | 0.00 7.40 0.997 | 2.22 10 0.9879
B594 | 30.00 | 0.00 7.40 0.997 | 2.25 10 0.9834
B594 | 30.00 | 0.00 7.40 0.997 | 2.19 10 0.9940
B594 | 30.00 | 0.00 7.40 0.997 | 2.14 10 0.9964
B594 | 30.00 | 0.00 7.40 0.997 | 2.33 10 0.9888
B594 | 30.00 | 0.00 7.40 0.997 | 2.17 10 0.9897
B594 | 35.00 | 0.00 7.40 0.997 | 2.64 10 0.9824
B594 | 35.00 | 0.00 7.40 0.997 | 2.66 9 0.9900
B594 | 35.00 | 0.00 7.40 0.997 | 2.76 10 0.9873
B594 | 35.00 | 0.00 7.40 0.997 | 2.68 9 0.9912
B594 | 35.00 | 0.00 7.40 0.997 | 2.84 10 0.9892
B594 | 35.00 | 0.00 7.40 0.997 | 3.18 10 0.9901
B594 | 35.00 | 0.00 7.40 0.997 | 2.93 10 0.9916
B594 | 35.00 | 0.00 7.40 0.997 | 291 10 0.9906
B594 | 37.00 | 0.00 7.40 0.997 | 2.67 7 0.9865
B594 | 37.00 | 0.00 7.40 0.997 | 2.79 10 0.9911
B594 | 37.00 | 0.00 7.40 0.997 | 2.77 10 0.9929
B594 | 37.00 | 0.00 7.40 0.997 | 2.59 10 0.9922
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B594 | 37.00 | 0.00 7.40 0.997 | 2.76 10 0.9955
B594 | 37.00 | 0.00 7.40 0.997 | 2.79 10 0.9950
B594 | 40.00 | 0.01 7.40 0.997 | 2.64 10 0.9873
B594 | 40.00 | 0.01 7.40 0.997 | 2.47 10 0.9937
B594 | 40.00 | 0.01 7.40 0.997 | 2.56 10 0.9959
B594 | 40.00 | 0.01 7.40 0.997 | 2.69 10 0.9879
B594 | 40.00 | 0.01 7.40 0.997 | 2.69 10 0.9940
B594 | 40.00 | 0.01 7.40 0.997 | 2.67 10 0.9953
B594 | 41.00 | 0.00 7.40 0.997 | 2.35 10 0.9943
B594 | 41.00 | 0.00 7.40 0.997 | 2.33 10 0.9976
B594 | 41.00 | 0.00 7.40 0.997 | 231 10 0.9957
B594 | 41.00 | 0.00 7.40 0.997 | 2.47 10 0.9969
B594 | 43.00 | 0.01 7.40 0.997 | 1.54 8 0.9968
B594 | 43.00 | 0.01 7.40 0.997 | 1.68 10 0.9922
B594 | 43.00 | 0.01 7.40 0.997 | 1.74 10 0.9957
B594 | 45.00 | 0.01 7.40 0.997 | 1.30 10 0.9912
B594 | 45.00 | 0.01 7.40 0.997 | 1.31 10 0.9930
B594 | 45.00 | 0.01 7.40 0.997 | 1.53 9 0.9894
B594 | 46.00 | 0.01 7.40 0.997 | 1.08 8 0.9941
B594 | 46.00 | 0.01 7.40 0.997 | 1.03 9 0.9836
B594 | 46.00 | 0.01 7.40 0.997 | 0.97 7 0.9822
B594 | 46.50 | 0.01 7.40 0.997 | 0.51 8 0.9881
B594 | 46.50 | 0.01 7.40 0.997 | 0.48 8 0.9853
B594 | 46.50 | 0.01 7.40 0.997 | 0.51 8 0.9803
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B594 | 47.00 | 0.01 7.40 0.997 | 0.41 9 0.9794
B596 | 13.00 | 0.02 7.40 0.997 | 0.26 9 0.9872
B596 | 13.00 | 0.02 7.40 0.997 | 0.24 7 0.9823
B596 | 13.00 | 0.02 7.40 0.997 | 0.29 10 0.9569
B596 | 15.00 | 0.01 7.40 0.997 | 0.34 9 0.9757
B596 | 15.00 | 0.01 7.40 0.997 | 0.32 10 0.9738
B596 | 15.00 | 0.01 7.40 0.997 | 0.28 10 0.9645
B596 | 15.00 | 0.01 7.40 0.997 | 0.31 9 0.9646
B596 | 14.99 | 0.03 7.40 0.997 | 0.22 9 0.9874
B596 | 14.99 | 0.03 7.40 0.997 | 0.21 7 0.9766
B596 | 18.00 | 0.03 7.40 0.997 | 0.53 10 0.9947
B596 | 18.00 | 0.03 7.40 0.997 | 0.50 8 0.9936
B596 | 18.00 | 0.03 7.40 0.997 | 0.63 10 0.9939
B596 | 18.00 | 0.03 7.40 0.997 | 0.53 10 0.9865
B596 | 18.00 | 0.03 7.40 0.997 | 0.60 10 0.9906
B596 | 18.00 | 0.03 7.40 0.997 | 0.53 10 0.9925
B596 | 18.00 | 0.03 7.40 0.997 | 0.55 10 0.9956
B596 | 18.00 | 0.03 7.40 0.997 | 0.55 10 0.9965
B596 | 18.00 | 0.03 7.40 0.997 | 0.56 10 0.9916
B596 | 20.00 | 0.00 7.40 0.997 | 0.91 10 0.9870
B596 | 20.00 | 0.00 7.40 0.997 | 0.89 10 0.9870
B596 | 20.00 | 0.00 7.40 0.997 | 0.80 10 0.9913
B596 | 20.00 | 0.00 7.40 0.997 | 0.87 10 0.9982
B596 | 20.00 | 0.00 7.40 0.997 | 0.87 10 0.9989
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B596 | 20.00 | 0.00 7.40 0.997 | 0.88 10 0.9909
B596 | 20.00 | 0.00 7.40 0.997 | 0.88 10 0.9944
B596 | 20.00 | 0.00 7.40 0.997 | 0.89 10 0.9924
B596 | 20.00 | 0.00 7.40 0.997 | 0.97 10 0.9873
B596 | 25.00 | 0.04 7.40 0.997 | 1.33 10 0.9852
B596 | 25.00 | 0.04 7.40 0.997 | 1.26 8 0.9957
B596 | 25.00 | 0.06 7.40 0.997 | 1.42 10 0.9870
B596 | 25.00 | 0.06 7.40 0.997 | 1.46 10 0.9937
B596 | 25.00 | 0.06 7.40 0.997 | 1.47 10 0.9924
B596 | 25.00 | 0.06 7.40 0.997 | 1.49 10 0.9984
B596 | 25.00 | 0.06 7.40 0.997 | 1.40 10 0.9927
B596 | 25.00 | 0.06 7.40 0.997 | 151 10 0.9953
B596 | 25.00 | 0.06 7.40 0.997 | 1.57 10 0.9938
B596 | 25.00 | 0.06 7.40 0.997 | 1.57 10 0.9944
B596 | 25.00 | 0.06 7.40 0.997 | 1.56 10 0.9933
B596 | 25.00 | 0.06 7.40 0.997 | 1.72 10 0.9931
B596 | 30.00 | 0.00 7.40 0.997 | 2.37 10 0.9865
B596 | 30.00 | 0.00 7.40 0.997 | 2.61 9 0.9926
B596 | 30.00 | 0.00 7.40 0.997 | 2.48 9 0.9938
B596 | 30.00 | 0.00 7.40 0.997 | 2.14 8 0.9805
B596 | 30.00 | 0.00 7.40 0.997 | 1.86 8 0.9902
B596 | 30.00 | 0.00 7.40 0.997 | 1.89 10 0.9956
B596 | 30.00 | 0.00 7.40 0.997 | 1.90 10 0.9860
B596 | 30.00 | 0.00 7.40 0.997 | 1.90 10 0.9968
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B596 | 30.00 | 0.00 7.40 0.997 | 1.93 10 0.9892
B596 | 35.00 | x 7.40 0.997 | 3.02 10 0.9957
B596 | 35.00 | x 7.40 0.997 | 3.06 10 0.9978
B596 | 35.00 | x 7.40 0.997 | 3.05 10 0.9936
B596 | 35.00 | x 7.40 0.997 | 2.84 8 0.9991
B596 | 35.00 | x 7.40 0.997 | 3.00 9 0.9966
B596 | 40.00 | 0.02 7.40 0.997 | 3.49 10 0.9827
B596 | 40.00 | 0.02 7.40 0.997 | 3.76 8 0.9822
B596 | 40.00 | 0.02 7.40 0.997 | 3.56 10 0.9802
B596 | 40.00 | 0.02 7.40 0.997 | 4.14 10 0.9914
B596 | 40.00 | 0.02 7.40 0.997 | 3.82 10 0.9920
B596 | 40.00 | 0.02 7.40 0.997 | 3.47 10 0.9970
B596 | 40.00 | 0.02 7.40 0.997 | 3.85 10 0.9871
B596 | 40.00 | 0.02 7.40 0.997 | 3.80 10 0.9868
B596 | 40.00 | 0.02 7.40 0.997 | 3.94 10 0.9925
B596 | 40.00 | 0.01 7.40 0.997 | 4.15 7 0.9995
B596 | 40.00 | 0.01 7.40 0.997 | 4.21 9 0.9898
B596 | 41.00 | 0.00 7.40 0.997 | 3.50 8 0.9918
B596 | 41.00 | 0.00 7.40 0.997 | 4.24 8 0.9920
B596 | 41.00 | 0.00 7.40 0.997 | 4.38 8 0.9817
B596 | 43.00 | 0.05 7.40 0.997 | 3.96 9 0.9815
B596 | 43.00 | 0.05 7.40 0.997 | 3.57 10 0.9829
B596 | 43.00 | 0.05 7.40 0.997 | 3.69 10 0.9770
B596 | 45.00 | 0.01 7.40 0.997 | 2.82 10 0.9802
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B596 | 45.00 | 0.01 7.40 0.997 | 2.49 8 0.9852
B596 | 45.00 | 0.01 7.40 0.997 | 2.53 8 0.9954
B596 | 45.00 | 0.01 7.40 0.997 | 3.10 10 0.9847
B596 | 46.00 | 0.01 7.40 0.997 | 2.40 10 0.9886
B596 | 46.00 | 0.01 7.40 0.997 | 2.36 10 0.9931
B596 | 46.00 | 0.01 7.40 0.997 | 2.26 10 0.9969
B596 | 46.00 | 0.01 7.40 0.997 | 2.45 10 0.9937
B596 | 47.00 | 0.01 7.40 0.997 | 1.60 10 0.9806
B596 | 47.00 | 0.01 7.40 0.997 | 1.60 8 0.9893
B596 | 47.00 | 0.01 7.40 0.997 | 1.63 10 0.9980
B596 | 47.50 | 0.01 7.40 0.997 | 1.08 8 0.9886
B596 | 47.50 | 0.01 7.40 0.997 | 111 8 0.9854
B596 | 47.50 | 0.01 7.40 0.997 | 151 8 0.9894
B596 | 47.50 | 0.01 7.40 0.997 | 1.23 9 0.9884
B596 | 47.50 | 0.01 7.40 0.997 | 1.32 9 0.9908
B596 | 47.50 | 0.01 7.40 0.997 | 1.40 8 0.9883
B596 | 47.50 | 0.01 7.40 0.997 | 1.43 8 0.9936
B626 | 15.00 | 0.01 7.40 0.997 | 0.27 9 0.9828
B626 | 15.00 | 0.01 7.40 0.997 | 0.29 10 0.9860
B626 | 15.00 | 0.01 7.40 0.997 | 0.32 10 0.9840
B626 | 15.00 | 0.01 7.40 0.997 | 0.31 10 0.9775
B626 | 15.00 | 0.01 7.40 0.997 | 0.35 10 0.9840
B626 | 14.99 | 0.03 7.40 0.997 | 0.30 10 0.9867
B626 | 14.99 | 0.03 7.40 0.997 | 0.30 8 0.9834
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B626 | 18.01 | 0.02 7.40 0.997 | 0.55 10 0.9899
B626 | 18.01 | 0.02 7.40 0.997 | 0.56 10 0.9849
B626 | 18.01 | 0.02 7.40 0.997 | 0.55 10 0.9918
B626 | 20.00 | 0.02 7.40 0.997 | 0.86 10 0.9935
B626 | 20.00 | 0.02 7.40 0.997 | 0.83 10 0.9917
B626 | 20.00 | 0.02 7.40 0.997 | 0.80 10 0.9970
B626 | 20.00 | 0.01 7.40 0.997 | 0.87 10 0.9943
B626 | 20.00 | 0.01 7.40 0.997 | 0.85 10 0.9981
B626 | 20.00 | 0.01 7.40 0.997 | 0.87 10 0.9923
B626 | 25.00 | 0.04 7.40 0.997 | 1.41 10 0.9966
B626 | 25.00 | 0.04 7.40 0.997 | 1.40 10 0.9946
B626 | 25.00 | 0.04 7.40 0.997 | 1.46 10 0.9934
B626 | 30.00 | 0.00 7.40 0.997 | 2.07 10 0.9962
B626 | 30.00 | 0.00 7.40 0.997 | 191 10 0.9899
B626 | 30.00 | 0.00 7.40 0.997 | 1.92 10 0.9904
B626 | 30.00 | 0.00 7.40 0.997 | 1.84 10 0.9815
B626 | 30.00 | 0.00 7.40 0.997 | 1.87 10 0.9963
B626 | 30.00 | 0.00 7.40 0.997 | 1.82 10 0.9930
B626 | 35.00 | 0.00 7.40 0.997 | 2.71 10 0.9860
B626 | 35.00 | x 7.40 0.997 | 2.88 10 0.9986
B626 | 35.00 | x 7.40 0.997 | 2.90 10 0.9979
B626 | 35.00 | x 7.40 0.997 | 291 8 0.9977
B626 | 35.00 | x 7.40 0.997 | 2.78 10 0.9968
B626 | 35.00 | x 7.40 0.997 | 2.75 10 0.9986
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B626 | 37.00 | 0.00 7.40 0.997 | 3.12 10 0.9959
B626 | 40.00 | 0.01 7.40 0.997 | 3.37 10 0.9935
B626 | 40.00 | 0.01 7.40 0.997 | 3.26 10 0.9922
B626 | 40.00 | 0.01 7.40 0.997 | 3.58 10 0.9966
B626 | 40.00 | 0.01 7.40 0.997 | 3.77 10 0.9870
B626 | 40.00 | 0.01 7.40 0.997 | 3.65 10 0.9985
B626 | 41.00 | 0.00 7.40 0.997 | 3.43 10 0.9918
B626 | 41.00 | 0.00 7.40 0.997 | 3.47 10 0.9945
B626 | 41.00 | 0.00 7.40 0.997 | 3.38 10 0.9955
B626 | 43.00 | 0.01 7.40 0.997 | 351 10 0.9984
B626 | 43.00 | 0.01 7.40 0.997 | 3.45 10 0.9976
B626 | 43.00 | 0.01 7.40 0.997 | 3.55 10 0.9904
B626 | 45.00 | 0.01 7.40 0.997 | 2.80 10 0.9976
B626 | 45.00 | 0.01 7.40 0.997 | 2.82 10 0.9982
B626 | 45.00 | 0.01 7.40 0.997 | 2.82 10 0.9982
B626 | 46.00 | 0.01 7.40 0.997 | 2.42 10 0.9910
B626 | 46.00 | 0.01 7.40 0.997 | 2.40 10 0.9912
B626 | 46.00 | 0.01 7.40 0.997 | 2.40 10 0.9948
B626 | 47.00 | 0.01 7.40 0.997 | 1.86 10 0.9909
B626 | 47.00 | 0.01 7.40 0.997 | 1.92 10 0.9954
B626 | 47.00 | 0.01 7.40 0.997 | 1.80 10 0.9972
B626 | 47.50 | 0.01 7.40 0.997 | 1.48 9 0.9851
B626 | 47.50 | 0.01 7.40 0.997 | 1.18 8 0.9954
B626 | 47.50 | 0.01 7.40 0.997 | 1.70 7 0.9825
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B626 | 47.50 | 0.01 7.40 0.997 | 0.99 9 0.9936
B626 | 47.50 | 0.01 7.40 0.997 | 1.18 9 0.9800
B626 | 47.50 | 0.01 7.40 0.997 | 1.53 10 0.9819
B594 | 37.00 | 0.00 7.40 0.955 | 0.15 7 0.9627
B594 | 37.00 | 0.00 7.40 0.959 | 0.08 3 0.9998
B594 | 37.00 | 0.00 7.40 0.959 | 0.18 3 0.9788
B594 | 37.00 | 0.00 7.40 0.959 | 0.17 4 0.9674
B594 | 37.00 | 0.00 7.40 0971 | 1.64 4 0.9990
B594 | 37.00 | 0.00 7.40 0971 | 1.79 5 0.9984
B594 | 37.00 | 0.00 7.40 0971 | 1.38 4 0.9915
B594 | 37.00 | 0.00 7.40 0.980 | 2.04 5 0.9967
B594 | 37.00 | 0.00 7.40 0.980 | 1.88 5 0.9968
B594 | 37.00 | 0.00 7.40 0.980 | 2.14 5 0.9905
B594 | 37.00 | 0.00 7.40 0.990 | 2.74 5 0.9995
B594 | 37.00 | 0.00 7.40 0.990 | 2.49 5 0.9960
B594 | 37.00 | 0.00 7.40 0.990 | 2.38 5 0.9911
B594 | 37.00 | 0.00 7.40 0.997 | 2.19 5 0.9995
B594 | 37.00 | 0.00 7.40 0.997 | 2.44 5 0.9974
B594 | 37.00 | 0.00 7.40 0.997 | 2.33 5 0.9867
B594 | 37.00 | 0.00 7.40 0.959 | 0.30 5 0.9588
B594 | 37.00 | 0.00 7.40 0.970 | 1.40 5 0.9862
B594 | 37.00 | 0.00 7.40 0971 | 1.35 5 0.9853
B594 | 37.00 | 0.00 7.40 0971 | 1.28 4 0.9743
B594 | 37.00 | 0.00 7.40 0.971 | 1.68 5 0.9721
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B594 | 37.00 | 0.00 7.40 0971 | 1.55 0.9632
B594 | 37.00 | 0.00 7.40 0.971 | 1.57 0.9595
B594 | 37.00 | 0.00 7.40 0.959 | 0.10 0.9551
B594 | 37.00 | 0.00 7.40 0.959 | 0.07 0.9507
B596 | 37.00 | 0.00 7.40 0.948 | 0.45 0.9583
B596 | 37.00 | 0.00 7.40 0.955 | 0.51 0.9590
B596 | 37.00 | 0.00 7.40 0.959 | 0.97 0.9585
B596 | 37.00 | 0.00 7.40 0.959 | 0.88 0.9560
B596 | 37.00 | 0.00 7.40 0.959 | 1.03 0.9553
B596 | 37.00 | 0.00 7.40 0971 | 1.70 0.9898
B596 | 37.00 | 0.00 7.40 0.971 | 1.56 0.9873
B596 | 37.00 | 0.00 7.40 0971 | 151 0.9575
B596 | 37.00 | 0.00 7.40 0.980 | 2.45 0.9933
B596 | 37.00 | 0.00 7.40 0.980 | 2.55 0.9926
B596 | 37.00 | 0.00 7.40 0.980 | 2.70 0.9913
B596 | 37.00 | 0.00 7.40 0.990 | 2.75 0.9994
B596 | 37.00 | 0.00 7.40 0.990 | 2.92 0.9852
B596 | 37.00 | 0.00 7.40 0.990 | 2.84 0.9808
B596 | 37.00 | 0.00 7.40 0.997 | 2.77 0.9983
B596 | 37.00 | 0.00 7.40 0.997 | 2.44 0.9972
B596 | 37.00 | 0.00 7.40 0.997 | 2.30 0.9939
B596 | 37.00 | 0.00 7.40 0.997 | 2.26 0.9863
B596 | 37.00 | 0.00 7.40 0.980 | 2.73 0.9844
B596 | 37.00 | 0.00 7.40 0.980 | 2.09 0.9837
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B596 | 37.00 | 0.00 7.40 0.997 | 2.14 0.9831
B596 | 37.00 | 0.00 7.40 0.997 | 2.50 0.9792
B596 | 37.00 | 0.00 7.40 0.980 | 2.17 0.9756
B596 | 37.00 | 0.00 7.40 0.980 | 2.73 0.9662
B596 | 37.00 | 0.00 7.40 0.997 | 2.17 0.9630
B596 | 37.00 | 0.00 7.40 0971 | 1.34 0.9570
B596 | 37.00 | 0.00 7.40 0.959 | 0.76 0.9517
B626 | 37.00 | 0.00 7.40 0.948 | 0.33 0.9962
B626 | 37.00 | 0.00 7.40 0.955 | 0.76 0.9649
B626 | 37.00 | 0.00 7.40 0.959 | 1.04 0.9967
B626 | 37.00 | 0.00 7.40 0.959 | 1.19 0.9934
B626 | 37.00 | 0.00 7.40 0.959 | 0.88 0.9931
B626 | 37.00 | 0.00 7.40 0971 | 1.57 0.9948
B626 | 37.00 | 0.00 7.40 0.971 | 1.90 0.9931
B626 | 37.00 | 0.00 7.40 0.971 | 1.39 0.9871
B626 | 37.00 | 0.00 7.40 0.980 | 2.94 0.9861
B626 | 37.00 | 0.00 7.40 0.980 | 2.76 0.9809
B626 | 37.00 | 0.00 7.40 0.990 | 3.46 0.9760
B626 | 37.00 | 0.00 7.40 0.990 | 3.32 0.9586
B626 | 37.00 | 0.00 7.40 0.997 | 2.61 0.9902
B626 | 37.00 | 0.00 7.40 0.997 | 2.75 0.9876
B626 | 37.00 | 0.00 7.40 0.997 | 2.50 0.9824
B626 | 37.00 | 0.00 7.40 0971 | 1.70 0.9834
B626 | 37.00 | 0.00 7.40 0.959 | 0.78 0.9920
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B626 | 37.00 | 0.00 7.40 0971 | 1.57 5 0.9865
B626 | 37.00 | 0.00 7.40 0.980 | 2.89 5 0.9807
B626 | 37.00 | 0.00 7.40 0.971 | 1.40 5 0.9798
B626 | 37.00 | 0.00 7.40 0.997 | 2.79 5 0.9780
B626 | 37.00 | 0.00 7.40 0.997 | 2.54 5 0.9754
B626 | 37.00 | 0.00 7.40 0.959 | 0.96 5 0.9738
B626 | 37.00 | 0.00 7.40 0.971 | 2.08 5 0.9704
B626 | 37.00 | 0.00 7.40 0.971 | 2.05 4 0.9662
B626 | 37.00 | 0.00 7.40 0.959 | 1.03 5 0.9624
B626 | 37.00 | 0.00 7.40 0.959 | 0.83 5 0.9615
B626 | 37.00 | 0.00 7.40 0971 | 1.74 5 0.9545
B626 | 37.00 | 0.00 7.40 0971 | 141 5 0.9536
B594 | 37.00 | 0.00 4.60 0.997 | 0.04 5 0.9956
B594 | 37.00 | 0.00 4.60 0.997 | 0.07 6 0.9867
B594 | 37.00 | 0.00 4.70 0.997 | 0.05 5 0.9822
B594 | 37.00 | 0.00 4.80 0.997 | 0.07 5 0.9926
B594 | 37.00 | 0.00 4.96 0.997 | 0.15 5 0.9920
B594 | 37.00 | 0.00 5.00 0.997 | 0.44 10 0.9686
B594 | 37.00 | 0.00 5.00 0.997 | 0.56 6 0.9652
B594 | 37.00 | 0.00 5.27 0.997 | 0.65 5 0.9990
B594 | 37.00 | 0.00 5.27 0.997 | 0.50 5 0.9693
B594 | 37.00 | 0.00 5.27 0.997 | 0.48 5 0.9620
B594 | 37.00 | 0.00 551 0.997 | 1.85 5 0.9940
B594 | 37.00 | 0.00 5.51 0.997 | 171 5 0.9910
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B594 | 37.00 | 0.00 5.51 0.997 | 1.78 0.9850
B594 | 37.00 | 0.00 6.15 0.997 | 2.03 0.9980
B594 | 37.00 | 0.00 6.15 0.997 | 2.20 0.9940
B594 | 37.00 | 0.00 6.15 0.997 | 2.03 0.9920
B594 | 37.00 | 0.00 6.61 0.997 | 2.14 0.9940
B594 | 37.00 | 0.00 6.61 0.997 | 2.54 0.9730
B594 | 37.00 | 0.00 6.61 0.997 | 2.57 0.9690
B594 | 37.00 | 0.00 7.02 0.997 | 2.22 0.9940
B594 | 37.00 | 0.00 7.02 0.997 | 2.39 0.9880
B594 | 37.00 | 0.00 7.02 0.997 | 2.48 0.9640
B594 | 37.00 | 0.00 7.85 0.997 | 2.87 0.9890
B594 | 37.00 | 0.00 7.85 0.997 | 2.40 0.9880
B594 | 37.00 | 0.00 7.85 0.997 | 2.73 0.9540
B594 | 37.00 | 0.00 8.42 0.997 | 251 0.9930
B594 | 37.00 | 0.00 8.42 0.997 | 2.37 0.9770
B594 | 37.00 | 0.00 8.42 0.997 | 2.59 0.9730
B594 | 37.00 | 0.00 8.92 0.997 | 0.43 0.9970
B594 | 37.00 | 0.00 8.92 0.997 | 0.44 0.9920
B594 | 37.00 | 0.00 8.92 0.997 | 0.46 0.9850
B594 | 37.00 | 0.00 9.22 0.997 | 0.49 0.9965
B594 | 37.00 | 0.00 9.22 0.997 | 0.65 0.9850
B594 | 37.00 | 0.00 9.22 0.997 | 0.61 0.9690
B596 | 37.00 | 0.00 4.60 0.997 | 0.08 0.9824
B596 | 37.00 | 0.00 4.70 0.997 | 0.03 0.9655
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B596 | 37.00 | 0.00 4.80 0.997 | 0.04 0.9945
B596 | 37.00 | 0.00 4.89 0.997 | 0.22 0.9831
B596 | 37.00 | 0.00 4.96 0.997 | 0.21 0.9846
B596 | 37.00 | 0.00 4.96 0.997 | 0.19 0.9723
B596 | 37.00 | 0.00 5.00 0.997 | 0.55 0.9940
B596 | 37.00 | 0.00 5.00 0.997 | 0.79 0.9891
B596 | 37.00 | 0.00 5.27 0.997 | 0.50 0.9693
B596 | 37.00 | 0.00 551 0.997 | 1.15 0.9972
B596 | 37.00 | 0.00 5.51 0.997 | 1.70 0.9949
B596 | 37.00 | 0.00 6.15 0.997 | 1.73 0.9810
B596 | 37.00 | 0.00 6.15 0.997 | 1.54 0.9872
B596 | 37.00 | 0.00 7.02 0.997 | 2.33 0.9997
B596 | 37.00 | 0.00 7.85 0.997 | 2.36 0.9910
B596 | 37.00 | 0.00 7.85 0.997 | 2.60 0.9736
B596 | 37.00 | 0.00 8.42 0.997 | 291 0.9973
B596 | 37.00 | 0.00 8.42 0.997 | 2.28 0.9954
B596 | 37.00 | 0.00 8.92 0.997 | 0.35 0.9644
B596 | 37.00 | 0.00 8.92 0.997 | 0.38 0.9612
B596 | 37.00 | 0.00 9.22 0.997 | 0.49 0.9965
B596 | 37.00 | 0.00 9.22 0.997 | 0.45 0.9594
B626 | 37.00 | 0.00 4.60 0.997 | 0.07 0.9819
B626 | 37.00 | 0.00 4.70 0.997 | 0.08 0.9775
B626 | 37.00 | 0.00 4.80 0.997 | 0.06 0.9812
B626 | 37.00 | 0.00 4.89 0.997 | 0.08 0.9698
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B626 | 37.00 | 0.00 4.89 0.997 | 0.24 0.9499
B626 | 37.00 | 0.00 4.96 0.997 | 0.11 0.9920
B626 | 37.00 | 0.00 4.96 0.997 | 0.15 0.9900
B626 | 37.00 | 0.00 4.96 0.997 | 0.27 0.9635
B626 | 37.00 | 0.00 5.00 0.997 | 0.78 0.9963
B626 | 37.00 | 0.00 5.00 0.997 | 0.54 0.9797
B626 | 37.00 | 0.00 5.27 0.997 | 0.49 0.9940
B626 | 37.00 | 0.00 5.27 0.997 | 0.55 0.9880
B626 | 37.00 | 0.00 5.27 0.997 | 0.40 0.9660
B626 | 37.00 | 0.00 551 0.997 | 2.04 0.9980
B626 | 37.00 | 0.00 5.51 0.997 | 2.15 0.9870
B626 | 37.00 | 0.00 6.15 0.997 | 2.04 0.9940
B626 | 37.00 | 0.00 6.15 0.997 | 2.19 0.9770
B626 | 37.00 | 0.00 6.15 0.997 | 2.37 0.9580
B626 | 37.00 | 0.00 6.61 0.997 | 2.13 0.9960
B626 | 37.00 | 0.00 6.61 0.997 | 2.72 0.9900
B626 | 37.00 | 0.00 6.61 0.997 | 2.64 0.9700
B626 | 37.00 | 0.00 7.02 0.997 | 2.80 0.9980
B626 | 37.00 | 0.00 7.02 0.997 | 2.79 0.9940
B626 | 37.00 | 0.00 7.02 0.997 | 2.42 0.9910
B626 | 37.00 | 0.00 7.85 0.997 | 2.72 0.9970
B626 | 37.00 | 0.00 7.85 0.997 | 2.95 0.9780
B626 | 37.00 | 0.00 7.85 0.997 | 2.71 0.9580
B626 | 37.00 | 0.00 8.42 0.997 | 2.55 0.9880
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B626 | 37.00 | 0.00 8.42 0.997 | 2.67 0.9830
B626 | 37.00 | 0.00 8.42 0.997 | 2.94 0.9790
B626 | 37.00 | 0.00 8.92 0.997 | 0.38 0.9770
B626 | 37.00 | 0.00 8.92 0.997 | 0.34 0.9700
B626 | 37.00 | 0.00 8.92 0.997 | 0.39 0.9690
B626 | 37.00 | 0.00 9.22 0.997 | 0.46 0.9950
B626 | 37.00 | 0.00 9.22 0.997 | 0.44 0.9870
B626 | 37.00 | 0.00 9.22 0.997 | 0.53 0.9780
B626 | 37.00 | 0.00 8.92 0.997 | 0.32 0.9560
B626 | 37.00 | 0.00 9.22 0.997 | 0.55 0.9750
B626 | 37.00 | 0.00 9.22 0.997 | 0.50 0.9730
B626 | 37.00 | 0.00 9.22 0.997 | 0.47 0.9640
B626 | 37.00 | 0.00 4.96 0.997 | 0.15 0.9550
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ANNEX D — Plots comparing average number of cells per well for
heated and unheated cells, according to method 1 and method 2 for all
tested temperatures.
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47 °C HEATED

o & o e
i Ll J .u.__aha._.\xv L = 1 ...,u___v.“ ef %
M, ey i
_vif Am-v
oy, 2 A
iy i Mo
—e— U, a.“..\_v —e— ey Y,
gl Yo,
By Wy
i iy Iy
2, S
A a0y [ e e,
. {3 £
Ve e,
W M C4
¢ z
e ., M o oo,
"y, .u_.\.. .U_H\Q_«_‘._
vl D,
¥ a &
—
-+
—a— [ —a— by
Vi, Vi iy, Loy
e, iy Ve, 3
K &
—e—1 b [ by len
'™ ..«\3 ;._\.u S,
..um_.a\u. e Y, &, ey
K &
L T e - T T A s R B L T T T T S T B B
(=] (=] (=] =] =] [=] [=] [=] [=] [=] [=] [=] [=] (=] (=] (=] (=] (=]

[am aad s[an jo maqum [ea ad span jo 1aqumo



248



249

ANNEX E — Calibration curve for B577 (F4810/72) strain.
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ANNEX F — Paper published at Frontiers for Microbiology in 2017 as

part of this thesis.
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From Culture-Medium-Based Models
to Applications to Food: Predicting
the Growth of B. cereus in
Reconstituted Infant Formulae

Mthaln Suss oo Siva ™Y, Jazsof Barany”’, Bruno A M. Carcioff’ and Marom Eiours”™
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Pradictive madels of the: growth of ioodborne arganisme are commenly based on data
generated in laboratory medium. |t is @ oucil question how o apply the predictions
to renfistic food scenaros. A @mple approach & 1o assume that the bias factor, e,
the ratio befween the maximum spedfio growth mbe in culure medium and the food in
question is constant inthe region of interest of the shudied emironmental variables. In this
sthudy, we investigaie the validity of this assumpfion using two wel-known link functions,
the square-root and the natural logarthm, bath having advaniageous propertios when
modeling the wariation of the maxdmum spadfic growth rate with temperature. The main
diferance between the two apprasches appears in terms of the respactive esiduals
== the temperaturs decreases ta its minimum. The medal crganism was Baclius camus.
Three sirains ([B534, BE3E, and F48107 F) wese grown in Reconstib.fed infant Formulne,
whiles o of thern [FAE1 VTZ) veas grown alsa in culture medium b caloulste the bias
fmctor. Thar growth parametens wen estimabed using viabke count measuremants of
tempembores renging from 12 to 2640, We wtiizsd the fact that, # the bins fadtor i
indepandant of the temparature, thean the minimum growth temperaturs parameter of the
square-roat model of Fatkowsky et al |15687) & the same for culure madium and food.
‘e concluded, supparted also by mathematical analysis, that the Aatkowsky model
works wel but s reerrangement for the natual loganithm of the spedfic growth mte
is mane approprizte for practical mgression. On the ather hand, when anakyring mixed
oulbure data, anmilable in the ComBlese detabase, we cbeened a trend different from the
ane generated by pune cubtures. This sugoests that the idertity of the strains dominating
the growth of mixed culures depends on the temperatune. Such aralysis can increase
the accumoy af predictive madels, besed on cufture medium, 1o food soanarios, bringing
signiicant smving for the food indusing.

Eapwrords:

imine formedas,

INTRODUCTION

Baecifur cevews 15 2 Gram positive, spore- rmmg, I':nﬂmm:amﬂ\ohlc red-shaped pathogen
{Eotranta et al, 20000 Baciius cerzus and cn be tsclaied
from mmmdmﬂﬂwuurzmwuﬂmixﬂﬁ H-Arabi and Grafiks, 201 3). They
are commonly found m rew materalk and processed foods, such as rice, milk znd dairy prodads,
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meat and meat produds, pasteurmed bgmd cgg, ready-n-eat

wegetables, and [1e! of al, 2011). Bacilfes ceveus
an be respo muh‘emmmm
by beat labile, enferotomins prodeced in the

small intestme, and by heat stable cereuhde boxm produced
in the food befoce ingestion {Ceuppens of al, 2001), causing
emelsc syndromes. Emetic strams are, terefore, 2 concern o the
food mdustry since 7 15 nol possble to chmimate the cereslide
once performed tn the food. CGrowth and toxin production mest
be srictly contralled, expectally 1n food argeted 10 snemive
papelanons.

Baclfas cerews cm ondure eltshigh-temperatere (UHTH
pasteurication, resist spray drying and survive in final prodads
[Mcauley et al, 201 £). Morzover, o review pahlishod

the Esropean Food Safcly Agency (EFSA, 2005), B. cereus
sirains are Eyghly varable in Lerms of their olerance 1o high
temperateres and e ahiley 1o grow. This & manly

for the orgemism, the bos @07 P/ Uers should normally
be =l
“The main objectives of this paper are (i} b0 provide a numericl
analysis for the conmection between bizs and the two most
used trmsformations of the maxmem rowth
raie parameler, the square ool and 2« bgrithm fundlions; and
(1) 10 test whetker (e baas Bcor for B cerews in Reconsiuied
Infamt Formalac (RIF) can be conmdered constant, 22 least ma
szh-cptmal region of i lemperatere.

MATERIALS AND METHODS

Samples Preparation

In bmmar fow cbinet, mbnl formolae milk powder

wrighted mio stenle botdes, warm (~-30rC) serike waler

aseptically added and then mized io dissohve, acordmg
1 \o chizin S0mi of RIF mmples.

si 8

on therr phylogenetic group (Cardm o al, 2002). Mathematical
modehng @n be 2 valushle ol to asess and quantsy thes
wvarzbility. 0 is widely accepied thal lempeniune & the most
mun’;.mu:m] elll;nmumul factor affecting microbial
response. Among the pvadable prodicivee models, the moded
of Ratkowsky ¢ al [1982) is commonly =sed fo prodict the
m:nn-m:peu.ﬁ:gm'm mle 0 the suboptmal mogien of

F[ou'r:m developing and wlidaling 2 new model In
microbial behavior during the manufaciuring or the shell life of
2 fond commedity requine extensme work IL1s 2

fcior” that coeld be used 1o predicl the behavior of the ooganism.
tnfiood from culture-medium based models would be valubic for
the food indesiry. To quantify the similrity befween
mdmmn,lhmraqmdhluixlnmj‘rmdnf,
y. of Hom (1996) |5 commonky
ications. The indicaiors A} and lni B} are certain awerage
ditferences between the natural logentim of the pradicted and
observed Infu) values of the arganism in the seded @nge
of environmenial conditions, where u denobes e martmem
specific growth rate under a given condition. In the case of Ay,
the difference & meand as an absolule vabse, while in the o= of
1= meant with = sgn. Comsequently, 2 bas fcter B =1
meas Eal, in a sindied region, on average, the model predictions

Sirains Preparation
emelic simins of Baclus ceress were used m s
B50 mnd B5% tolied fom cereals and filed 10
the Mesiké culture collection and FAELOT2 2 reference simin
from the DSMZ culture miledion sobied dering an oetbeeak
and also refermed o a8 DSMZA31E 35 reportad
Carbmielal. (2013). Siodk culisres were formed using subosiwres
«of cach sirain with gipcerol and stored al — 80°C
il peed. Far sirain, one of fomen stock culture was
used 10 tnoculate 10 ml of EE41 (Sigma- Aldrct) and stored for 24
hat 30°¢. Then 102 gl of this culture was pul inie another 10
ml of BHI and incubaled for 18 b 2t 30°C. The subculiure was
then eemerated both on sclecttve (Baore, BoMinour) and 2
nom-selective {TSAYE, 5 Aldrich) meda, diluted toa
levdl of 10¥ CRUmE Tbm ll]urmiﬂlmd::ri
Eil'."bcThn]ﬁhmnmmhlldimulu!}r_ﬂw
sremed culture wes als enemerated both on the sedecttve and
nom-selective media o asses the stress inlensity. This pretocnl
allowed t0 mimic the processing conditions thal mileences the
peymclopcl sate of raturaly contamimating &, cerees cells.

Experimental Design

Prioe o inoculation, EIFboltles wene equilibrabed 2t the targeled
\rmperalures {9, 12, L5, 18, 22, 25°C for F4310472 sivain and 9,
12, 15, I8, and 22+C for B594 and B5S6 simins). Approprisie
dibatson of the moculum was then added 10 50 ml of RIF 10
reach an mitial concentration of 15 by CFUMmL noclaied
hotdies were mmpled for vizble counts on Bamm medem 2
appropraie smpling tmes todescribe the different phases ofthe

are netther over-esomatmg nor under-sstimatmg e growth
rale compared bo the observations. However, this could Bagpen.  growth carves. Three
in such 2 way, toa, that e are ach

n ome of the n whie ame overesttmabions o
m:uﬂwrman It mhdﬁ:ﬂi{h for a green food
mairix, the bias fcor is mdependent of the environmenizl
oonditions, primaridy of the lemperature, at keast in e nomal
physialogpal growth region of the orgenism. in this s, culture-
medium-besed predictions, svailable from: public sofiware inols
such as ComBase, could Be appied o B food In
queston. Since culfere medium broths provide optimal sebsirale

‘experiments were performed in BHI following the sme protool
\o aloziate the bas laer. All expertments were performed with
perecultune.

Data Analysis

Primary and Secondary Modeling

For each temperature, each cxrve was fitled
model of Baranyi and Robers (1594) wsing the

ovieh £

Frontars n Micrseiogy | weee Fonkenr o
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Add-m, downloadable from hiipfwwne.comb;

growth rate (d, durstion of by plase (L), and the nasml
logarithm of ke maximum popeiztion densy (Fma).

The madmum demsity and 1Be By — g - A
parameters were baken as constand, as the smplest (xero-ceder)
maodel, obtaned va tzking e mi average of ther
rll.l.nzu.sL ﬁmwn'prm'f!mdim =

The mode] of Rathkewsky o 2l (19321,

SE=a4bT [1H]
in the reparameferired version
SE=BIT — Tl [+

was E=ed to the square root of the specific growik rales o
describe the etiact of temperature, wiere 2 and § are constants
and Topgy = — Baris 2 nominal minimum growth temperature, al
which the manmum specific growth e would ke
oo

We use tBe ahove well-estzblisted modd in its seond form,

Equation (2], so (thowgh it leads to non-linear regression), the
mi T, and tts standard error an di

szmﬂu non-kncar fetng, the m.ul-od.mnlu’é
Levenberg-Marquardt {Prem et al, 1982) was progrzmmed n
Viszl Basic for Applicitions assigned to MS Excel

Wi also tesicd the modd in a rearmanged form,
with the naterad logasithm link fenction 2pplied to the cbserved
maxtmezm specific growth rtes

Iy =nl + hiT - Tael [ET]

ESas Fagtor
& maaszre of the deviation between observed and peodicied
growth, called tBe “btas Boor” was meroduced by Ross
(196, As per definition, ils nateral logarthm, kniEy) is the
walue between the chserved and Infp) valees
wﬂmnhﬂﬂ&mﬂmnmmﬁ?ﬁr&nn[mn
organism. 1t is of comman sense 1o expect the conditions (bere
the temperature), umder which the p-values were generated,
randomiy disiribeted in the medded region, in wiids s

iniB) = Eltnltoae) — brisgratt] a0

where E denotes the "expecied valec™ operalor,. Since the
praditions prodeced by commonly used software packages ame
ofien based om experments @rmied oul in cukure mednem
birotk, wiile pracical cbservations () refer Lo/food, e shove
expectation an be transhied o

i) = Elinl o) — 0 p )] 1]
In our case, e studied iood matrix is AIE for which 2 bias fctor

czm be derived via the above formula from the growsh rate in
brot.

RESULTS
Primary and Maodeling
Exampies for fitting tEe primary model cin b seen m Fgare 1.
The parameler estimales from Se primary modebmg are
in the lemen Erdormalicn. 2 shaws all
m@uﬂﬁ: mm%hn?mumwﬂﬁm:dm
temperatures in broth and m RIE.

The estimates for the b and Ty peremelers, when the
Hxtkowsky model was fitted to the mummum: speaific growth
raigs, are shown in Tabde L. The Tow -csttmate for the sicin
B5%4was significnily higher than the respecimee estimates for the
«other two strams.

The Raihowsky model darms beo major benedits: 2e linear
meael structure for e =T va. \emperabere” rélationship, and
the comstant vartance of the measured T values, mdependently
«of the temperature. 1n cur c2se, beause of biokegical rephicales

..._.\‘h;r_
H\-

e
Bt |

el g, (hag £ Fikf
o
—a,
3,

kn.
1
I'.
-
\
a
v
=+

e
-~
\
Y

] k'l w0 15 M 10 M0
tira Il

IFHILIFE 1 | Gt of b stvmcnac 1. commcar sk F42H T2, InFFL o 0
i, €30 v, 50 (tarngiel, 15 s, T priw, wnd #e0
ey, Tha sigracict oo o ey et Fictrt (1 364] v #nct

(e e bo- i fog coun urv o ach empee

IFHOUF 2 | i speciic growth e i o 8 funcion o
St b7 o oyt Erane
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TABLE 1 | ESrwin parrmbens ar S i o o e e oot
el A5 [3 s s G o st

Strn we mgm L] sy
T, FF Lt T 4 OO0
I, P L1 FE ] QEEE 4 000G
T A 5 0 QU & 000G
FAZSLT I LR N & OO0

ithree], 1l was possble io st=dy the relalive dewviabions of the

mdﬁc wih rates (sandard deviation drvided by the mean)
replicate curve-triplets. Thesa

wuhlhlempnﬂueﬂp 0.65), =v Figre 3.

This segpesis that tie nateral logerithm coeld also Be 2

surtable link funcion for the manimum spectfic growts rate when

modelmy ils dependence on the femperzture. This comes from
the relationssips:
Bow— B ]
B
By = M1 4 &b (k)]

0 (g} = By + 10l 4 0] = gy + 0 (1]
‘where the approcimation is accurzte 21 leest for ome dige if
the relative crmor « is less tham 03, For & -values over 0.3, the
approximation in Egeation (8] would have worse than one digit
WAy P:\omml.limii'bmlhl.nnﬂw:mpm
errors are bes than error of i of the
made] for h|fu'|vdbcan] [or possibly Bagher, if the secondary
mode] describes the "y v T relationsbip imccuratelyl.

It can be meaddy seem that 1f the « random error m the
Equations (5] = constant, ndependently of the temperature,
then the mme cmmet hold for the square-root model and e
wersl. Rewisting Egeation (7), cae an obtam, by frs onder
approximation:

ey [|+.J~.,|'E+3]'—I-x i
Thx mears that, 1f t5e matural logartthm transformaton makes
the devation of (ke cheereed
deviztion

emperatere

the absolule residuls stould show a decreasing trend wi the
temperabere (and, therclore, with the u-valses) - 25 indeed we
will e it hter. On the other hand, of t2e square-roct wax
the correct transformation: bo stahilee the vanance st the
naieral logarshm of the p-walues 15 regressed m the

madel, then the renduals should show tncreasing trend 2= the
Iemperabere darease 10 Togs:

Wi = S

Fi 2

I In In{l _)
LT T a-_'m_

[§1H]
[1H]

Ralatise devintion of gi-)
-
M

LEH ¥

PO | y s e o
ool speric gt nAE e

“Truars b i o = L, bthwoar St e oy s

Bias Factor

The maxmum fic growih rie of the sem FAEOT2
mmrﬁiﬁo‘ﬂFuﬂllllwﬂuﬂmglpﬂd
apporiun®ty fo wmvstigaie e bizs Boor. Mobice that, if Bis
is mdependent of e temperature, then e secondary modsd
for Infu} for the beo moda (Bgetion 3) differ only by
mlﬂmmnlﬂmnﬂmrmmmﬁ

asumption that the Ty, peameter = the mme for the BH
and EIF. COwmr mestigaiions showed that the T, dlll

same sirain in BH] was 513 + 1.12 whadh 15 not significanily
difierent {p = 035) from the Tags-value m RIF 540 + 088
[Taibdz 1.

Then we ese the formubie
T = By (T — T [z
/T = g (T — T EY]
from whoch the mtia By = ( g ]® 35 comstamd, so the
miodels for nfu], for and food, showld be parallel

and daffer from cach other by the

Inlty) = 2By Barcan 1141
constant addrive term. The opposte dicection of this conclesion
an be m!.m]hﬂym:ﬁ:n.hm thal T
ullem:ﬁoc:ﬂmmdunnmd umhnlu:lhe

that the simin FEINTE has the AamMe Tem =
for BHI and RIF (p=035). Therefore, their
WITREN 25

T = 0050 (F — 5.26)
T = 061 (T — 5.38)
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the coefficents above I Equaton (4], o
an be cimhbied tBai, for this sirein, the mbio between
the maxmem mies m RIF and celtere

modiom bro@ 1= = (nosMoslRE = 07 Tha 15
this sirzin grows 2f ome third slower in RIF compared
o BELL

Figare 4 demonstriies welll the equivalence betwoen the
b assumphiors: common Tem-value for the syurne-root and
parallel models for e legarthm link functions, The madad (3)
fitbed 8o the Infa) values of the sirain F&1072 m BHI 2nd RIF
are paralle] Becaner ey have mnmilar Vo, estimates, As follows
from Equation (%), the deviation from the parallel behavior wold
be apparent af low temperatures onfy.

The shown cquivaience 1s
whether the squareroot or the
sizhilwes the vartance of the pwlues Acordmg 1o the
Equations (7] and (9}, Both cannot be valid al the same
ume. Comparing the zbsobete resdeals for Both the squre-
oot and kegarthm link fenction, om all the data, (ke Fguare5

emer
ﬁwmhmm-murmn sSow 2
decreasing trend = the Lempentze docreas 10 T (P =

of the qusticn
transformatson

fic growth mie depends cn
lmpuﬂ-:llcbgadhmhn}wﬁgtdlnynbmmmhhklnbc
applied to Se chserved maximem specific growth ries when
regressmy them agunst temperature. The dificuly 15 that ths
difference bebween the two link fanctions can be detecied a2 low
Iemperaberes omly, where it 15 not e2sy Lo keep the mvironment
oonsant for the required long tme Lo reach the sabonary
phase, therefore, @« envionmental effects (eg. pH decroese
in e medinm) rther than biokegical ones (fnked Lo strzin
vargkthty for campk) on dmmie e verubiey of the
obecrved maximum specific growt rates.

The paperaf Carlm e 2l {2013) grves anopportunity lo compare
the kinetic p ofthe r siram FAB DOV in beoth as:
shown m Figare 4. Fring the square-mool modd i the 12-25°C
&hhﬂemm:‘nl‘hﬂmlﬂ esttmalod parameters:
‘were not different a1 5% sgnficance lewd (p= 012l

In the same way, we cn wlidaie oer rale estimates by the
‘ComBase Predictor avalable from Batpwww.combase e In
Pwﬂﬂuwz:mvﬂwodmwﬂ:ﬁcmﬁﬂum

with resulis from ComiBase Predicior, in broth and
mlmmlngl'hmfl:l:(od — [L&7 fior the food scenario.

The vahdaton plot m Fgure & = 1 coavmeng proof of the
dneersty of the kinetic Behawior ofl B coreas strams, The Comlase
Predicior is based on growtk curves generated by a codktad of sic
serams (Satkerland o al, 1996). A phosble explanation for the
uﬂmﬂ'mﬂdm-]lmhm:u[ﬂ! [
is that differenl strams were dominant n::i_ll. o
\emperatures, wiile e ame parameter of a pure culfture show
acomststent Iinear pastern with iemperateTe.

For quanitalive walidation, we made an extensme wse of
the Hias and Acceracy faciors of Eos (1996} ‘We point oot
There 1kt witle the wcfil of thess:
Inﬁﬂmmﬂmrﬁnmﬁmmmwﬂwmm
with Baranyi el al. [1995). When the average of [he'lnl';?“

hfmlrﬂmxlﬂm,ihmplmlfmnwdﬁ

w?‘h-;mﬂuemdpnﬁhlruﬂmmmnmmlﬂ fBdors (0 |l| :nd
Phillips, 1985 Beciaran and Bagi, 1907; Neumeyer of al,, 1997;
Mellefoni et al, 2002). The comstant bas-Bdor is a reasonable
assumption m cse af the temperature, with the ratiomalke
all affecting biochemical reaciions speed up or skow dow when
lemperalure mlkawﬂn&uenmd
factors, lthe pH or waler actmity; nonctheless the
wnrﬂ.uammmlmlwnmnm.nnlhhmthﬂhln
prodictrve paciages

TN
-

@+

e W ® n = n -

Terpsiarn L1

I # | Modisl of Py of sl (9387) wih twe Mt Ik urciora: A S oot
1 R i w1 ) o Th ) 5t s e chat e Do . [

-
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FHGLNIE & | Soechuin rerciusis . b st o2 [A) e oo oot and [ reshrs g ik Funciions,

e
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s 171

o.'q_ “

FICLNE § | S ot of remme secc grow: e of 6 s o
famparatum o et acucre Cr S, BAGE, wnalFAB1 T rir
IS oo cermonct, chie s e, man | O cists e 429073 bt
pn-n-uumﬂ-n-thr-ﬁpmmmwn
urve i thw g b

-OEﬂ:-lidx

of the efiedt of temperature om the mazimum

gowih @i mesued in a cull m both
muq' mediom and food I'[ourm,wlli mnﬂu:nnl varnce
asumplion does nof necessariy hold ab low temperstures.
Hesides, we estzblisted that t5e minimum growi® lemperature
an be taken as the Bme Toy vk for cwhore medum and
fnod, therefore, e bas Boor 1, indeed, of the

comsiderations}) are needed for an acourate model; see Baranyl
el al (2007), which is, m 2 smse, 2 contimmtion of this
Paper.

Theassemption of the iemperature- mdependent s facior
equivalent to the exisience of 2 minimum grows lemperabeme
that 15 ¢ mme for the model and for the food motrx oo
which the model 15 tested. Indeed, this latier condition Bas
been zssumed by quile a few authors: (Miles o al, 195 Carlin
o al, 201% Arpni & al, 305, }.Glé.'l,lnd was chserved in

our siheafion, boa,
mnhmmspedﬁ(mmﬂmanﬂmhunmi-nﬁn
ComiBase database (s wwe.combase. oo also provides 2 goed
oppertunity to check Bow much e temperature independence
ofthe Bias facior is Lerable.

In comciesion, we agree with many authars {Bemaeris et al,
2005 Ross of al, 30003; Powell o2 al., 207 5; Den Besten et al, 2017}
tha, al sub-oplimal iemperatures, the Rathowsky mode isa good
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