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ABSTRACT

The advancement of predictive microbiology relies on available data that describe the behavior of microorganisms in
different environmental matrices. For such information to be useful to the predictive microbiology research community, data
must be organized in a manner that permits efficient access and data retrieval. Here, we describe a database protocol that
encompasses observations of bacterial responses to food environments, resulting in a database (ComBase) for predictive
microbiology purposes. The data included in ComBase were obtained from cooperating research institutes and from the
literature and are publicly available via the Internet.

Food microbiology research has generated large quan-
tities of microbiological data on bacterial responses to var-
ious environments. Such data form the basis of predictive
microbiology software packages such as the Pathogen Mod-
eling Program (PMP; U.S. Department of Agriculture
[USDA], Agricultural Research Service [ARS], Eastern Re-
gional Research Center; www.arserrc.gov/mfs/pathogen.
htm) and the former Food MicroModel (FMM) in the UK,
which was replaced by the freely downloadable Growth
Predictor in 2003 (see www.combase.cc). These software
packages produce predictions of bacterial responses to food
environments characterized by controlling factors such as
temperature, pH, water activity, atmosphere composition,
and food additives.

The predictions are generated by mathematical models
that in most instances have been published in the scientific
literature (1–6, 8–10, 12). However, the raw data on which
the predictions are based are not easily accessible, even
when the data are available from the researchers. In this
regard, researchers generally have unique methods for re-
cording their data, which makes comparison with model
predictions slow and complicated.

Although the PMP models have demonstrated high
utility within the food processing community, managers of
the PMP software package have sought to increase the
transparency of the models by providing access to the raw
data with which the models were generated. However, such
a task has involved retrieving thousands of data sets from
electronic files and in many cases laboratory notebooks. In
hindsight, retrieval of the data sets would have been simple
had the data been archived in a relational database. Such a
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database would (i) provide a permanent record of the ex-
perimental design and data, (ii) increase the efficiency of
data analysis, (iii) permit greater dissemination of the data
among end users, (iv) enhance identification of model lim-
itations, and (v) facilitate the application of new modelling
techniques.

The ultimate tests for predictive microbiology software
are comparisons of model predictions with observations of
microorganismal behavior in food. To make these compar-
isons with large data sets, the data-recording format must
be standardized. This standardization refers not to the com-
putational platform (such as the type of spreadsheet used)
but rather to the methodology for classifying and formatting
microbiological data.

An examination of various experimental designs and
associated data revealed that quality control procedures are
needed to bring conformity to predictive microbiology in-
formation. Without this conformity, any attempt to compile
data from various sources would result in a data dump rath-
er than a structured database. Furthermore, a uniform sys-
tem of physical, chemical, and biological units and asso-
ciated terminology must be used to facilitate comparisons
among data sets.

Here, we describe a database, ComBase, and its for-
matting protocol that satisfy the above requirements. We
demonstrate the utility of this database using data sets pro-
duced by the combined efforts of the Institute of Food Re-
search (Norwich, UK), the Food Standards Agency (UK),
and the USDA ARS Eastern Regional Research Center
(Wyndmoor, Pa.). At the core of ComBase are the data
forming the basis of the models in the PMP and FMM
software packages. These core data were extended with
data submitted by collaborating institutes and with data
gleaned from the scientific literature. ComBase was
launched on 16 June 2004 at the 4th International Confer-
ence of Predictive Modelling in Foods (Quimper, France).
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FIGURE 1. Excerpts from ComBase tables. A sample record is highlighted (shaded) in the master (upper) table. The content of the
source field of record 13047 is Badhurip95, whose definition can be seen in the source definition table (lower left). The value of the
logc field is not a single number but rather a table labelled Y70pC, which represents a growth curve (lower right).

MATERIALS AND METHODS

The data recorded in ComBase can be summarized as a map-
ping between two multivariate dynamic quantities: environment
and microbial response. Because of the inherent complexity of
these interactions, one cannot record all aspects of the environ-
ment and the associated microbial response. Therefore, a simpli-
fication of the experimental results is necessary. To reduce incom-
patibility among data from different researchers, the syntax and
semantics of the database and its structure and format were stan-
dardized.

The following questions were identified as essential for de-
termining the structure of ComBase:

1. What components of the environment and the response should
be classified and quantified, and how should this information
be recorded?

2. How should the quality of the data be determined?
3. What is the structure of the database so that (i) it supports

common search requests, (ii) it is user friendly yet sophisti-
cated enough to analyze questions on hazard and risk analysis,
and (iii) it is sufficiently flexible to be able to include new
types of data?

The database format was established using Microsoft Excel
(Microsoft, Redmond, Wash.). Servicing programs for data veri-
fication and visualization were written in Visual Basic for Appli-
cations (Microsoft) to enhance database functionality.

The data were stored in a typical and simple linear database
containing one master table and several definition tables, where
the abbreviations used in the master table were defined. The mas-
ter table is divided into administrative, environmental, and re-
sponse fields (Fig. 1). Syntactically, these fields contained numeric
or category values. Interpretation regions for numeric values and
definition tables for categories were defined for the fields so that
incoming data could be tested. This syntax check prevented prob-
lems with values outside the interpretation region, such as a water

activity value .1.0, being recorded in the database or problems
associated with incorrect spelling of organism names (i.e., not as
defined in the respective definition table for organisms). To ensure
compatibility, doubling times, D-values, and other measures of
growth or inactivation rates were converted into specific rates.
One response (e.g., growth rate or whole growth curve for a quan-
tified environment) became one record (i.e., one row) in the mas-
ter table of the database.

A unique feature of the database syntax is that it allows re-
cording of both single values and multiple values for variables
whose values change with time (i.e., dynamic tables). When the
content of a cell in a numeric field is a single value, it is consid-
ered the value at the beginning of the observation period. In many
instances, this quantity remains the same during the entire obser-
vation period. When the value, such as temperature or cell con-
centration, changes during the observation period, then a name
should be given to the dynamic profile that it describes. The pro-
file is recorded in a separate table, and the name of the table will
be the content of the cell. This approach is especially advanta-
geous when a whole growth or inactivation curve is recorded rath-
er than just a derived parameter, such as growth or inactivation
rate.

A special notation in the database allows the recording of
qualitative data in otherwise numeric cells. When the result of a
measurement is referenced as N/D (i.e., not detected; more ac-
curately, the value is under the detection limit), then a special
number outside the interpretation region of the field can be used
as a symbol. For example, the result N/D for the log cell concen-
tration (denoted by logc in ComBase) is denoted by 20.01, which
is not a number in this instance but a symbol. Similarly,
20.009999 denotes N/G, for no-growth data (when no log counts,
only N/G is reported).

The semantic check of the input data is more difficult than
the syntax check and thus cannot always be considered accurate.
For example, sometimes it is obvious from the original publication
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FIGURE 2. The same structure used in Excel is transposed into Access tables. Access has a larger capacity and more rapid access
than Excel.

FIGURE 3. The basic interface structure
of the ComBase browser.

that the authors meant to state days and not hours for a certain
detection time and thus the published data include a typographical
error. In many cases, these errors can be corrected and are not
propagated into the database. In addition, by statistical means it
is possible to identify outlying data that are obvious errors. How-
ever, the semantic verification remains less reliable than the syn-
tactic verification and thus can be affected by subjective judg-
ments.

Excel spreadsheet software was chosen to record the data
because this program is widely used among microbiologists, and
it is relatively easy to write macros in Excel for data verification.
The master and definition tables of the database became one sheet
each in the Excel workbook, therefore representing the Excel ver-

sion of the database. Because its capacity and access speed can
be limited for large quantities of data, each of the Excel sheets
was converted into corresponding Microsoft Access tables (Fig.
2). During this process, each dynamic table (representing a time-
dependent environmental or response quantity) was converted into
a single string that provided faster data processing. A browser
(Fig. 3) was also written to assist the user in navigating the da-
tabase. The browser uses the Access version of the database, and
the modelling and servicing programs (written in Visual Basic for
Excel) uses the Excel version of the database. Both stand-alone
and Internet-based versions of the browser have been developed.

The exact technical description and demonstration files can
be downloaded from the website (www.combase.cc).
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FIGURE 4. An Excel macro was used to
compare ComBase data for the specific
growth rates predicted by the PMP soft-
ware with observations published by Grau
and Vanderline (7) (a) and Patterson et al.
(11) (b).

RESULTS

Currently, two types of microbial responses are record-
ed in ComBase: (i) full growth or survival curves produced
by viable count measurements and (ii) specific growth or
inactivation rates only, derived from viable count or other
measurements (e.g., optical density) as published by various
authors in refereed articles.

The majority of the approximately 30,000 full viable
count growth curves in ComBase constitute the raw data
on which the PMP and FMM software packages were de-
veloped. These growth curves were generated in vitro for
selected pathogens in various environments. Many of the
viable count curves of both pathogenic and spoilage organ-
isms are from supporting institutes around the world. Com-
pilation of these data was funded by the European Com-
mission. Approximately 10,000 records containing mostly
specific rates only, not full growth curves, were complied
from the scientific literature under the funding of the Food
Standards Agency.

One of the useful features of computerized data is that
the recorded information can be quickly located, which is
a great advantage even when the records do not provide
the complete original article or the full description of an
experiment. Figure 4 includes two examples where the user
can compare between the observed data and predictions.
These outputs were prepared using a macro that is part of
the kit of Excel add-ins supplied with ComBase. Figure 4a
shows a plot comparing the recorded specific growth rates
obtained by Grau and Vanderline (7) and those predicted
by the PMP. The software predictions are based on tem-
perature, pH, and water activity only. Figure 4b shows a
comparison between the data obtained by Patterson et al.
(11) and the PMP predictions. These plots were the result
of two select-and-click operations and did not involve the
tedious task of collecting data from published literature.
Note that the new version of ComBase uses the predictions
of Growth Predictor rather than PMP.

When complete viable count growth and survival
curves are recorded, those also can be compared with pre-
dictions using another Excel macro.

DISCUSSION

ComBase is a system of Microsoft Excel spreadsheets,
an Access database, and servicing programs with the fol-
lowing features:

1. ComBase Excel: a Microsoft Excel workbook contain-
ing relational worksheets (tables). Input of new data,
verification, and modelling is carried out on this version
of the database.

2. ComBase Access: the database in Microsoft Access. Its
tables are the same as the sheets in the Excel version.
After input and verification of the Excel entries, the data
are transferred to Access, which has higher capacity and
more rapid search capabilities.

3. Maintenance and modelling kit: Excel add-ins working
on the Excel version of the database. This kit includes
maintenance and statistical macros to help with data ver-
ification and the development of predictive models.

4. ComBase Browser. Built on the Access database, this
browser navigates in the Access version in a user-friend-
ly manner. An Internet version of this browser has also
been developed.

We anticipate that, similar to genomic databases (i.e.,
gene banks), ComBase will serve as a repository for data
that can be accessed by persons seeking to estimate micro-
bial responses to various food environments. ComBase can
be used to define data gaps, which will stimulate research
needed to bring microbiology information to a critical mass.
Such a unified database will also assist in standardizing the
work and results of different risk assessors, which could
have obvious and positive implications on international
trade.
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