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and central nervous systems and of the mucous membranes
and the cellular and humoral immune system, suggesting a
possible immune competency dysfunction (22, 27).
Clearly, the prevention of fungal development and mycotoxin production within buildings is a priority. While the use of
biocidal compounds may be appropriate to prevent the problem from occurring in new buildings and to alleviate existing
problems, it is generally agreed that the preferred strategy is
the elimination of conditions which can lead to fungal growth
(1, 46). A key element in such a strategy would be a model
which could predict the likelihood and extent of toxigenic
fungal growth for any given set of conditions (24). Such a
model could be used to critically evaluate a building at the
design stage for inherent problems, allowing appropriate
changes to be made early in the project. It could also be
applied to existing problematic buildings to determine the
most effective remedial action.
Through the International Energy Agency’s Annex 24 program, advanced computer models which can be used to simulate the moisture behavior of structures have been developed
(25). However, the main focus of that research has been on the
passage of moisture through walls and the prediction of moisture content and condensation within them (25). Until recently, little consideration was given to the prediction of fungal
growth within an integrated building simulation model, probably because of the perceived difficulties involved in combining
the biological and physical parameters which contribute to the
conditions suitable for fungal development.
The present interdisciplinary study was undertaken to develop a prototype fungal prediction program for the built environment. First, growth limit curves for the fungi E. herbariorum, A. versicolor, and S. chartarum were mathematically
described within a fungal growth prediction (FGP) database.
Second, the FGP database was incorporated into the ESP-r
environmental modelling system to produce a model that can

In developed countries, people spend a substantial proportion of time indoors, and it is now generally accepted that
indoor air quality can have a significant impact on human
health (8, 13–15, 18, 22, 27, 41, 50, 52, 53). The indoor environment can contain numerous potentially harmful substances,
such as dust mite and cat allergens, formaldehyde, ozone, and
volatile organic vapors (1, 28, 38, 42). In the present context,
attention is drawn primarily to the presence, growth, and prediction of the xerophilic fungus Eurotium herbariorum and the
mycotoxigenic fungi Aspergillus versicolor and Stachybotrys
chartarum (15, 20, 22, 27, 34).
There is currently a substantial body of evidence to support
the view that fungi in buildings can have severe and wideranging effects on the general health of occupants (7, 14, 15, 20,
22, 43, 53). Respiratory, allergenic, and other symptoms, including nausea and vomiting, have been diagnosed (14, 15, 18,
22, 43). Several major investigations have concluded that there
is a significant correlation between the incidence of high levels
of airborne fungal spores containing mycotoxins, particularly
from A. versicolor or S. chartarum, and ill health (13–15, 18, 20,
22, 27, 29). For example, in some damp and moldy buildings,
airborne concentrations of viable S. chartarum spores containing stachybotryotoxins can reach levels of up to 18,000 CFU/m3
(23). Recent research has focused on the health status of workers in water-damaged office environments after exposure to
fungal bioaerosols (13, 28, 42), especially A. versicolor or S.
chartarum and their toxigenic metabolites (22, 27). It was concluded that prolonged and intense exposure to these toxigenic
fungi is associated with reported disorders of the respiratory
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There is growing concern about the adverse effects of fungal bioaerosols on the occupants of damp dwellings.
Based on an extensive analysis of previously published data and on experiments carried out within this study,
critical limits for the growth of the indoor fungi Eurotium herbariorum, Aspergillus versicolor, and Stachybotrys
chartarum were mathematically described in terms of growth limit curves (isopleths) which define the minimum
combination of temperature (T) and relative humidity (RH) at which growth will occur. Each growth limit
curve was generated from a series of data points on a T-RH plot and mathematically fitted by using a
third-order polynomial equation of the form RH ⴝ a3T3 ⴙ a2T2 ⴙ a1T ⴙ a0. This fungal growth prediction
model was incorporated within the ESP-r (Environmental Systems Performance [r stands for “research”])
computer-based program for transient simulation of the energy and environmental performance of buildings.
For any specified location, the ESP-r system is able to predict the time series evolution of local surface
temperature and relative humidity, taking explicit account of constructional moisture flow, moisture generation sources, and air movement. This allows the predicted local conditions to be superimposed directly onto
fungal growth curves. The concentration of plotted points relative to the curves allows an assessment of the risk
of fungal growth. The system’s predictive capability was tested via laboratory experiments and by comparison
with monitored data from a fungus-contaminated house.
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identify local environmental conditions under which fungal
development may occur. Third, the efficacy of the system’s
predictive capability was tested by laboratory-based experiments and by comparison of real and simulated data from a
building exhibiting visible fungal growth.
MATERIALS AND METHODS

with an aw-Wert Messer Chamber (Lufft). During the monitoring study, the
DRBCA and MEA plates were pressed against areas of confluent fungal growth
at the test location. The contact plates were positioned on metal rack supports
over 50 ml of appropriate saturated salt solutions, as described by Grant et al.
(19), in crystallizing chambers (100 mm in diameter by 60 mm in depth) which
controlled the ERH in the culture media at the aforementioned levels. In preparing and maintaining the humidity chambers, the stipulations made by Wexler
and Hasegawa (54) and Winston and Bates (55) regarding the control and
accuracy of ERH were carefully observed. A check was made on the ERH level
attained in each chamber by using a model DP680 hygrometer (Protimeter Ltd.,
Marlow, United Kingdom) and Solomat (Bishops Stortford, United Kingdom)
model MPM2000 and was found to agree within a 1% margin. The contact plates
were subsequently incubated in the above-mentioned atmospheric controlled
chambers at 20°C for 25 days. The plates were examined periodically for the
presence of fungal growth, and the emerging yeasts and molds were identified by
conventional mycological techniques (44).
Lowest relative humidity value supporting growth of building-isolated fungi
on woodchip wallpaper. This study was designed to compare the minimum RH
requirements for the growth of fungi isolated from the test surface on nutritionally rich laboratory-based culture media with the minimum water requirements
when grown on the nutritionally inferior building material woodchip wallpaper.
The test molds were grown and sporulated on MEA slants after 10 days at 25°C,
while the yeast cultures were grown on MEA for 3 days at 25°C. Strips of
woodchip wallpaper (40 by 40 mm) were placed in minimal salt solutions, as
described in Grant et al. (19), after autoclaving at 109°C for 10 min and drying
overnight. The squares of woodchip wallpaper were positioned in atmospheric
chambers that were controlled at the above-mentioned series of ERH values.
After equilibration for 10 days, duplicate squares were separately centrally inoculated with the test fungi by using a sterile needle. The chambers were incubated and examined for growth over 110 days at 20°C. The identities of the
emerging fungi were confirmed as described earlier.
Statistical analysis. Analysis of variance, balance model (Minitab software
release 11; Minitab Inc., State College, Pa.), was used to compare the minimum
relative humidity requirements for the test fungi growing on MEA, DRBCA, and
woodchip wallpaper. The studies were performed in duplicate with duplicate
samples examined at each trial. Analysis of variance, two-way model, was used to
compare minimum moisture requirements reported by previous researchers with
limiting RH values obtained for the same fungi during this study. A paired t test
was used to compare simulated and real RH and temperature data from the test
house. All significant differences were reported at the 95% (P ⬍ 0.05) confidence
interval.

RESULTS
Development of the fungal growth prediction program. An
analysis of previously published data (1–6, 9, 12, 16, 17, 19, 21,
23, 24, 30–32, 34, 36–40, 48, 49) and experiments conducted in
this study were used to derive growth limit curves (isopleths),
which define the minimum combination of local-surface relative humidity and temperature for which growth of the toxigenic fungi A. versicolor and S. chartarum and the xerophilic
atoxigenic fungus E. herbariorum will occur (Fig. 1). Each
growth limit curve was generated from a series of data points
on a temperature-versus-relative-humidity (T-RH) plot and
was mathematically fitted by using a third-order polynomial
equation of the form RH ⫽ a3T3 ⫹ a2T2 ⫹ a1T ⫹ a0. Curve
fitting for the isopleths was undertaken by using the curvefitting package within Microsoft Excel 97. The above-mentioned third-order polynomial gave both the closest match (for
all the data analyzed) and required profile for the control data
points used (R2 ⫽ 0.96).
Mycological verification of fungal growth limits incorporated within ESP-r. The types of fungi isolated from the test
house and the lowest RH levels at which each fungus grew at
20°C on MEA, DRBCA, and woodchip wallpaper after 25 and
110 days of incubation are given in Table 1. There was no
significant difference (P ⬍ 0.05) between the lowest RH values
supporting growth of the test fungi on MEA and DRBCA
(Table 1). Due to the absence of S. chartarum in the test house,
the minimum RH limit for the growth of S. chartarum IMI
032542 (obtained from the International Mycological Institute,
CABI International, Egham, Surrey, United Kingdom) was
examined with MEA, DRBCA, and woodchip wallpaper under
the ERH-controlled atmospheres described earlier. The re-
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The ESP-r system. ESP-r is an advanced transient energy and environmental
simulation computer package (11, 26, 56) which is used extensively in building
performance appraisal. Since its inception, the system has been the subject of a
comprehensive development and validation process. This has included long-term
involvement in the research portfolio of the European Community, which resulted in the selection of ESP-r as the European reference model for two major
building and environmental research programs (10, 11, 26, 51, 56). The ESP-r
system is comprised of the following elements: the “project manager,” an interface that allows the user to define the problem being investigated, within the
context of the computer language required for processing, and the displaying of
results once the problem has been solved; the “simulator,” a numerical solver
which mathematically solves the problem under investigation; and a number of
supporting programs and databases containing information required by the numerical solver (e.g., thermophysical properties of building materials, glazing
systems, climate).
ESP-r is capable of analyzing the heat, power, and air flow in a building and the
operation of the associated environmental control systems (e.g., air-conditioning,
heating). Typically, the building being investigated is configured within the system in terms of geometry, construction, layout, and usage. Flow paths, which
represent air and moisture transfers in the building and the distribution of
environmental systems and electrical power, are defined. This configuration is
then analyzed under specified climate and control conditions (e.g., thermostat
and time-clock settings), and the results are fed to the project manager for user
interpretation. This analysis technique is equally applicable to both existing
buildings and new designs, and it allows the efficacy of measures aimed at
improving the energy and environmental performance of a building to be specifically quantified.
In the present context, a building can be modelled within ESP-r at any specified level of resolution. An enhanced resolution can be used at locations of
particular concern (e.g., where there are local moisture sources or where insulation levels are low). Taking explicit account of moisture movement through
walls, internal moisture generation, and air movement, ESP-r can predict
changes in local surface temperature and relative humidity at a specified location(s) for any climatic condition. ESP-r is widely available at no cost to researchers, and further information and access can be gained through ESRU@strath
.ac.uk.
ESP-r model of the test house. Comparative environmental monitoring and
mycological studies were conducted for a selected fungus-contaminated surface
in a late-1940’s prefabricated three-bedroom, semidetached dwelling located on
a housing estate in Edinburgh, Scotland. Information relating the house’s design,
form, and fabric (e.g., hygrothermal properties); occupancy behavior (e.g., moisture production); building environmental systems (e.g., heating, ventilation); and
outdoor climate were incorporated and simulated in ESP-r. The house was of
steel frame construction, which is prone to condensation. The windows were steel
framed, with high resultant air infiltration rates, and insulation levels were
generally poor. The lower floor consisted of a hall, kitchen, bathroom, storeroom, and living room, while the upper floor consisted of three bedrooms and a
hall. The house was heated by a 3-kW electric heater in the living room and a
1-kW electric heater in the upstairs hallway. During the study, two people resided
in the test house.
Environmental monitoring of the test house. The selected test location was a
fungus-contaminated surface at the junction of a north-facing wall and ceiling in
one of the bedrooms. The local environmental conditions were monitored for
surface temperature and relative humidity at 1.5-h intervals over a 7-day period
in March by using a dedicated thermocouple (⫾0.5°C) and relative humidity
sensor (⫾0.5%) attached to a recording device (data logger, model XT 102; ACR
Systems Inc., Shepshed, United Kingdom). Simultaneous monitoring of external
climatic conditions also took place, by using an on-site weather station consisting
of global horizontal and diffuse solar irradiance measurement (Kipp and Zonen
[St. Albans, United Kingdom] type CM11 pyranometers and shadow band), wet
and dry bulb temperature measurement (Vector Instruments [Rhyl, United
Kingdom] type H301 aspirated psychrometer), and wind velocity and direction
measurement (Vector Instruments type A100R switching anemometer and type
W200P potentiometer windvane). These instruments were connected to a data
logger (model DL2; Delta-T Devices Ltd., Cambridge, United Kingdom).
Mycological examination of the test house. During the same 7-day monitoring
period in March, the types of fungi on the test surface and their minimum
relative humidity (RH) growth requirements were determined by using dichloran
rose bengal chloramphenicol agar (DRBCA) and 2% malt extract agar (MEA)
contact plates (Oxoid Products). The equilibrated relative humidity (ERH)
(which is equivalent to the more commonly used biological term water activity
[aw]) was adjusted for the agar to 98.7, 94.5, 93, 90.5, 88.5, 84.5, 81, 78.5, 76.1,
74.5, 71.2, and 67.8% by the addition of glycerol. The final ERH was confirmed

4815

4816

ROWAN ET AL.

APPL. ENVIRON. MICROBIOL.

sults of this study are consistent with the isopleths shown in
Fig. 1, where the minimum RH levels supporting growth of E.
herbariorum, A. versicolor, and S. chartarum are fully consistent
with the predictions of the model, as is the lack of any fungal
growth at 74.5% and below (Table 1).
Ten different mold species and two yeasts (Hansenula
anomala and Rhodotorula glutinis) were isolated from the test
surface (Table 1). Significant variation (P ⬍ 0.05) in the abil-

ities of the test fungi to grow at different humidity levels was
apparent (Table 1). This ranged from growth at ⱕ81% RH for
the molds A. versicolor, E. herbariorum, Penicillium brevicompactum, and Penicillium spinulosum to failure for some molds
(Mucor plumbeus, Phoma herbarum, and S. chartarum) and the
aforementioned yeasts to sustain growth at less than 93% RH.
Despite prolonged incubation of inoculated woodchip wallpaper (110 days) at 20°C, the fungi Cladosporium cladosporiodies,

TABLE 1. Minimum relative humidity requirements for growth of different building-isolated fungi on MEA and DRBCA after 25 days and
on woodchip wallpaper after 110 days of incubation at 20°C
Fungus isolated from test house

Cladosporium cladosporioides
Cladosporium herbarum
Alternaria alternata
Aureobasidium pullulans
Penicillium brevicompactum
Penicillium spinulosum
Aspergillus versicolor
Eurotium herbariorum
Phoma herbarum
Mucor plumbeus
Hansenula anomala
Rhodotorula glutinis
Stachybotrys chartarum
IMI 032542c
a

Minimum RH (%) supporting growth ona
MEA

DRBCA

Woodchip wallpaper

Significant difference
(P ⬍ 0.05)b

84.5
85.5 ⫾ 2
88.5
88.5
81.8 ⫾ 1.8
81
81
76.1
93
93.8 ⫾ 0.8
92.4 ⫾ 1.3
91.7 ⫾ 1.7
94.5

85.5 ⫾ 2
85.5 ⫾ 2
88.5
89 ⫾ 1
82.7 ⫾ 2
81
81
76.7 ⫾ 1.2
93.8 ⫾ 0.8
93.8 ⫾ 0.8
93
92.5 ⫾ 1
94.5

89 ⫾ 1
88.5
89.5 ⫾ 1.2
88.5
85.5 ⫾ 2
84.5
82.2 ⫾ 1.2
77.3 ⫾ 1.2
93.8 ⫾ 0.8
94.1 ⫾ 0.8
94.5
93
96.5 ⫾ 2.3

Yes
Yes
No
No
Yes
Yes
No
No
No
No
Yes
No
Yes

Values are averages of four replicate samples representing two trials.
Difference between lowest humidity value supporting growth of fungus on woodchip wallpaper and those supporting growth on MEA and DRBCA. No significant
difference between minimum RH values obtained from MEA and DRBCA at the 95% confidence interval was found (P ⬍ 0.05).
c
Fungal culture obtained from the International Mycological Institute, CABI International, Egham, Surrey, United Kingdom.
b

Downloaded from http://aem.asm.org/ on June 10, 2019 by guest

FIG. 1. Third-order fit of relative humidity and temperature which limit growth of E. herbariorum, A. versicolor, and S. chartarum on building materials (data points
obtained from this study and from previously published research).
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Cladosporium herbarum, P. brevicompactum, P. spinulosum, H.
anomala, and S. chartarum grew at lower RH values on the
nutritionally rich MEA and DRBCA over the shorter 25-day
period (Table 1).
Comparison of simulated and real relative humidity and
temperature data from the test house. A simulation of the
mold-contaminated test house was run against the externally
monitored climatic data for the 7-day period in March. The
predicted-versus-real temperature and relative humidities at
the test location for part of this period are shown in Fig. 2. It
is evident from Fig. 2 that the simulated and real data are in
relatively close agreement (P ⬍ 0.05). On this basis, simulated
data from ESP-r could be taken as providing a good representation of the temperature and relative humidity occurring at
the test location over any stipulated period of time.
Testing the predictions of the fungal program. In order to
compare the predictions of the ESP-r fungal program against
the types of fungal species isolated from the test location, the
monitored (i.e., real) surface relative humidity and temperature data for the 7-day period in March are shown superimposed on the growth limit curves in Fig. 3. While the model
successfully predicted fungal growth at the test location, on the
basis of the range of plotted RH data in Fig. 3, only fungi with
a growth limit of below 83% RH would have been predicted to
occur. This upper RH measurement of 83% does not account
for the isolation of hydrophilic molds such as Cladosporium,
Alternaria, Aureobasidium, Phoma, and Mucor or the yeasts
Hansenula and Rhodotorula, which were shown to have minimum moisture requirements of 89, 89.5, 88.5, 93.8, 94.1, 94.5,
and 93% RH, respectively, on woodchip wallpaper (Table 1).
In order to explain the occurrence of these molds, a simulation
employing 1-h intervals and climatic data for a 3-day period in
January was performed. The simulated conditions of surface
relative humidity and temperature at the test location are
shown superimposed on the growth limit curves in Fig. 4. On
the basis of this plot (where surface relative humidity values

reach as high as ⬃96%), a user would have correctly predicted
the likely presence of the aforementioned hydrophilic fungi
(Table 1), in addition to predicting the growth of E. herbariorum and A. versicolor and the absence of S. chartarum. The
user would therefore have predicted an extensive development
of different types of fungi spanning a wide range of T-RH
growth categories, which is in agreement with the outcome of
the mycological tests.
DISCUSSION
The most commonly occurring fungi which contaminate
damp buildings in North America and Europe are those that
form true cell walls of the group Eumycota (43, 46). While
fungi from all subdivisions of Eumycota are often present in
damp dwellings, the majority of these fungi belong to the class
Hyphomycetes of the subdivision Deuteromycotina, such as
Penicillium, Aspergillus, Cladosporium, and Stachybotrys (1, 43,
46). Fungal growth in buildings has been shown previously to
be essentially a surface phenomenon (1). Fungal spores germinate and form active mycelia on hygroscopic building materials or interior finishes when certain critical growth parameters are satisfied (1, 46). On internal wall surfaces, the principal
controlling factors governing fungal growth are relative humidity (which governs the free water availability) and temperature
(1, 19, 24).
This study has addressed the prediction of local environmental conditions that encourage fungal growth on internal surfaces. Critical limits for the growth of the indoor fungi E.
herbariorum, A. versicolor, and S. chartarum were mathematically described in terms of growth limit curves, or isopleths,
that define the minimum combination of temperature and relative humidity for which growth will occur. Each growth limit
curve was generated from a series of data points on a T-RH
plot and was mathematically fitted by using a third-order polynomial equation of the form RH ⫽ a3T3 ⫹ a2T2 ⫹ a1T ⫹ a0
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FIG. 2. Monitored and predicted relative humidity and temperature data at surface of concern in test house (period in March).
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(Fig. 1). The data points were derived from previously published research data (1–6, 9, 12, 16, 17, 19, 21, 23, 24, 30–32, 34,
36–40, 48, 49) and from experiments carried out in this study
(Table 1). It is evident from Fig. 1 that the three fungi differ in
their minimum RH and T requirements to sustain growth on
building materials. For example, E. herbariorum requires a
minimum of 76.1% RH to sustain growth at 20°C, whereas A.
versicolor and S. chartarum require a minimum of 81 and 96.5%
RH, respectively, to grow at the same temperature. Local surface T-RH values occurring below the growth limit curve for
each fungus prevent the organism from either initiating or
sustaining growth. Both Adan (1) and Grant et al. (19) have
postulated that fungal growth will be prevented if RH and
surface temperature conditions within buildings are maintained such that internal wall surfaces remain below 80% RH.
The limit of 80% RH for the prevention of fungal growth in
buildings (1, 19) is 5% greater than the prediction limit for
fungal growth set by the ESP-r model. Our recommendation of
75% RH for limiting fungal growth in buildings is based on our
findings shown in Table 1.
In relation to the minimum moisture requirements for food
spoilage and building-related fungi, many researchers have
previously reported that the mold E. herbariorum can grow at
very low RH values (1, 43, 44, 46). Therefore, relative humidity
values occurring consistently below the isopleth for this highly
xerophilic fungus will result in the indoor surface remaining
free of all fungal growth. The concept of using RH-versus-T
isopleth curves for predicting germination, growth, and asexual
sporulation of toxigenic and nontoxigenic fungi on nutrient
media and in foodstuffs has been exploited by a number of
previous workers (2, 5, 6, 36). Ayerst (6) showed that growth of
a wide variety of food spoilage fungi was governed by control-

ling the limiting combinations of aw (ERH) and temperature,
and each fungus had an optimal value for both of these parameters at which the growth rate was maximized. Adan (1)
found that the maximum tolerance to low moisture conditions
was exhibited on materials of a high nutritional content under
optimum temperature. In the context of this study and to our
knowledge, this is the first time this concept has been employed
to predict fungal growth in buildings.
Minimum aw values (converted to ERH) obtained by previous researchers for the growth of fungi on nutrient media at
temperatures of 20 to 25°C are compared with the findings of
this study in Table 2. These minimum relative humidity values
limiting growth of the test fungi were shown to be in good
agreement (P ⬍ 0.05) with minimum moisture requirements
reported for the same fungi by other researchers (Table 2).
Many of these workers showed that these fungi also differed in
moisture requirements for each stage in their growth cycle,
where differences of ⬃2% RH between spore germination,
hyphal growth, and sporulation were recorded (1, 2, 24, 45).
However, the findings of this study do not agree with the work
of Nikulin et al. (34), who examined growth of S. chartarum
and its toxin production on some building materials and in
animal fodder under different RH conditions. Nikulin et al.
(34) reported that S. chartarum was capable of growth (and in
some instances, toxin production) on wallpaper, pine panel,
and paper at 78% RH, while all previous studies reported that
this fungus required a minimum RH of 91% or above to
sustain growth (6, 9, 19, 23, 36). It is also recognized that S.
chartarum is not a xerophilic organism (19, 24, 44), which,
according to the definition of Pitt and Christian, is “a fungus
capable of growth under at least one set of environmental
conditions at 85% RH or less” (40).
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FIG. 3. Monitored environmental data for test house superimposed on growth limit curves in ESP-r. Each point represents a recorded temperature/relative humidity
value collected at 1.5-h intervals at the test location over a 7-day period in March.
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to grow before the saturated salt solution reduced the atmosphere to less than 90% RH. Therefore, it is possible that the
actual RH may have been significantly higher than the reported 78%. Nikulin et al. (34) showed that S. chartarum was
capable of growth and of producing stachybotryotoxins on
wallpaper, gypsum board, hay, and straw.
The fungal prediction model used in the present study and
containing the growth limit curves, which is incorporated
within ESP-r, operates by using information from two sources.
First, as previously described, ESP-r can predict, from an appropriate representation of the building, changes in local sur-

On the basis of the methodology described by Nikulin et al.
(34), it is possible that the moisture limit for growth of S.
chartarum was greater than the reported 78% RH. The authors
inoculated the building materials with a 1-ml volume of spores
suspended in a highly nutritious aqueous wash which had been
equilibrated for only 3 days to reach 78% RH (the final and
subsequent RH values not being monitored in the chambers).
This procedure goes against the usual convention of using a
dried-spore suspension to avoid altering the moisture content
of the samples. It would further appear that the samples were
incubated at 20 to 23°C, which may have permitted this fungus

TABLE 2. Minimum aw values (converted to ERH) obtained in this and previous studies for growth of test fungi
over the temperature range 20 to 25°C
Minimum RH (%) supporting growth
Previous studies

Fungus
Value(s)
(reference[s])

Aspergillus versicolor
Alternaria alternata
Cladosporium cladosporioides
Cladosporium herbarum
Mucor plumbeus
Penicillium brevicompactum
Penicillium spinulosum
Phoma herbarum
Stachybotrys chartarum
Aureobasidium pullulans
a

78 (9, 19, 30), 79 (23), 80 (4),
83 (36)
85 (24, 37), 88 (30)
88 (30), 84 (19, 23)
84 (19), 88 (36), 90 (30)
93 (9, 24)
79 (23), 81 (9), 82 (24), 83 (19)
79 (19), 80 (9)
92 (16), 93 (19, 23)
94 (6, 9, 36), 93 (19, 23)
89 (23), 88 (44)

Values shown are for growth on MEA over a 25-day period at 20°C.

Avg ⫾ SD

79.3 ⫾ 2
86 ⫾ 1.7
85.3 ⫾ 2.3
87.3 ⫾ 3
93
81.3 ⫾ 1.7
79.5 ⫾ 0.7
92.6 ⫾ 0.6
93.6 ⫾ 0.5
88.5 ⫾ 0.7

Values found
in this studya

81
88.5
84.5
85.5
93.8 ⫾ 0.8
81.8 ⫾ 0.8
81
93
94.5
88.5

Significant difference
(P ⬍ 0.05)

No
No
No
No
No
No
No
No
Yes
No
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FIG. 4. Predicted environmental data for test house superimposed on growth limit curves by ESP-r. Each point represents a temperature/relative humidity value
predicted by ESP-r at 1-h intervals at the test location with actual climatic data for a 3-day period in January.

4820

ROWAN ET AL.

ACKNOWLEDGMENTS
We express gratitude to Scottish Homes, which funded this research.
Thanks go also to Kerr McGregor and Alex Taylor of Napier University, Edinburgh, Scotland, for assistance in obtaining the monitored
environmental data for the test house.
REFERENCES
1. Adan, O. C. G. 1994. Fungal disfigurement of interior finishes. Ph.D. thesis.
University of Eindhoven, Eindhoven, The Netherlands.
2. Andrews, S., and J. I. Pitt. 1987. Further studies on the water relations of
xerophilic fungi, including some halophiles. J. Gen. Microbiol. 133:233–238.
3. Armolik, N., and J. G. Dickson. 1965. Minimum humidity requirements for
germination of conidia of fungi associated with storage of grain. Phytopathology 46:462–465.
4. Avari, G. P., and D. Allsopp. 1983. The combined effect of pH, solutes, and
water activity (Aw) on the growth of some xerophilic Aspergillus species, p.
548–555. In T. A. Oxley and S. Barry (ed.), Biodeterioration 5, John Wiley,
Chichester, United Kingdom.
5. Ayerst, G. 1966. Influence of physical factors on determination of molds. Soc.
Chem. Ind. Monogr. 23:14–20.
6. Ayerst, G. 1969. The effects of moisture and temperature on growth and
spore germination in some fungi. J. Stored Prod. Res. 5:127–141.
7. Burr, M. I., J. Mullins, T. G. Merrett, and N. C. H. Scott. 1988. Indoor molds

and asthma. J. R. Soc. Health 3:99–101.
8. Canadian Public Health Association. 1987. Significance of fungi in indoor
air: report of a working group. Can. J. Public Health 78:S1–S14.
9. Christian, J. H. B. 1980. Reduced water activity, p. 79–90. In Microbial
ecology of foods 1. Factors affecting life and death of microorganisms.
Academic Press, London, United Kingdom.
10. Clarke, J. A., and J. L. M. Hensen. 1991. An approach to the simulation of
coupled heat and mass flow in buildings. Int. J. Indoor Air Quality Climate
3:283–296.
11. Clarke, J. A. 1985. Energy simulation in building design. Adam Higher
Publishers, Bristol, United Kingdom.
12. Coppock, J. B. M., and E. D. Cookson. 1951. The effect of humidity on mold
growth on constructional materials. J. Sci. Food Agric. 2:534–537.
13. Croft, W. A., B. B. Jarvis, and C. S. Yatawars. 1986. Airborne outbreak of
trichothecene toxicosis. Atmos. Environ. 20:549–552.
14. Dales, R. E., R. Burnett, and H. Zwanenburg. 1991. Adverse health effects
among adults exposed to house dampness and molds. Am. Rev. Respir. Dis.
143:505–509.
15. Dales, R. E., H. Zwanenburg, R. Burnett, and C. A. Franklin. 1991. Respiratory health effects of home dampness and molds among Canadian children. Am. J. Epidemiol. 134:196–203.
16. Eveleigh, D. E. 1961. The growth requirements of Phoma violacea, with
reference to its disfigurement of painted surfaces. Ann. Appl. Biol. 49:412–
423.
17. Ezeonu, I. M., J. A. Nobel, R. B. Simmons, D. L. Price, S. A. Crow, Jr., and
D. G. Ahearn. 1994. Effect of relative humidity on fungal colonization of
fiberglass insulation. Appl. Environ. Microbiol. 60:2149–2151.
18. Flannigan, B., E. M. McCabe, and F. McGarry. 1991. Allergenic and toxigenic microorganisms in houses. J. Appl. Bacteriol. Symp. Suppl. 20:615S–
735S.
19. Grant, C., C. A. Hunter, B. Flannigan, and A. F. Bravery. 1989. The moisture
requirements of molds isolated from domestic dwellings. Int. Biodeterior.
25:259–284.
20. Hendry, K. M., and E. C. Cole. 1993. A review of mycotoxins in indoor air.
J. Toxicol. Environ. Health 38:183–198.
21. Hocking, A. O., and J. I. Pitt. 1979. Water relations of some Penicillium
species at 25°C. Trans. Br. Mycol. Soc. 73:141–145.
22. Hodgson, M. J., P. Morey, M. Y. Leung, L. Morrow, D. Miller, B. B. Jarvis,
H. Robbins, J. F. Halsey, and E. Storey. 1998. Building-associated pulmonary
disease from exposure to Stachybotrys chartarum and Aspergillus versicolor. J.
Occup. Environ. Med. 40:241–249.
23. Hunter, C. A., C. Grant, B. Flannigan, and A. F. Bravery. 1988. Moulds in
buildings, the air spora of domestic dwellings. Int. Biodeterior. 24:81–101.
24. International Energy Agency. 1991. Condensation and energy. In H. Hens
(ed.), International Energy Agency: Annex 14 Programme. Laboratorium
Bouwfysica Publishers, Leuven, Belgium.
25. International Energy Agency. 1996. Heat, air, and moisture transfer through
new and retrofitted insulated envelope parts. In H. Hens (ed.), International
Energy Agency: Annex 24 Programme. Laboratorium Bouwfysica Publishers, Leuven, Belgium.
26. Jensen, S. O. 1993. The PASSYS Project. Subgroup model validation and
development. Final report, parts I and II, 1986–1992. Commission of the
European Communities DGXII.
27. Johanning, E., R. Biagini, D. Hull, P. Morey, B. Jarvis, and P. Landsbergis.
1996. Health and immunology study following exposure to toxigenic fungi
(Stachybotrys chartarum) in a water-damaged office environment. Int. Arch.
Occup. Environ. Health 68:207–218.
28. Lacey, J., and J. Dutkiewicz. 1994. Bioaerosols and occupational lung-disease. J. Aerosol Sci. 25:1371–1404.
29. Lewis, C. W., J. E. Smith, J. G. Anderson, and Y. M. Murad. 1994. The
presence of mycotoxin-associated fungal spores isolated from the indoor air
of the damp domestic environment and cytotoxic to human cell lines. Indoor
Environ. 3:323–330.
30. Magan, N., and J. Lacey. 1984. Effect of temperature and pH on water
relations of field and storage fungi. Trans. Br. Mycol. Soc. 82:71–81.
31. Mislivec, P. B., and J. Tuite. 1970. Temperature and relative humidity
requirements of species of Penicillium isolated from yellow dent corn. Mycologia 62:75–88.
32. Mislivec, P. B., C. T. Dieter, and V. R. Bruce. 1970. Effect of temperature and
relative humidity on spore germination of mycotoxic species of Aspergillus
and Penicillium. Mycologia 67:1187–1189.
33. Nakhi, A. E. 1995. Adaptive construction modelling within whole building
dynamic simulation. Ph.D. thesis. University of Strathclyde, Glasgow, Scotland.
34. Nikulin, M., A.-L. Pasanen, S. Berg, and E.-L. Hintikka. 1994. Stachybotrys
atra growth and toxin production in some building materials and fodder
under different relative humidities. Appl. Environ. Microbiol. 60:3421–3424.
35. Northolt, M. D. 1979. The effect of water activity and temperature on the
production of some mycotoxins. Ph.D. thesis. University of Wageningen,
Wageningen, The Netherlands.
36. Northolt, M., and L. B. Bullerman. 1982. Prevention of mold growth and

Downloaded from http://aem.asm.org/ on June 10, 2019 by guest

face temperature and relative humidity at any specified location for any set of climatic data. Second, the mathematical
functions defining the isopleths (Fig. 1) are contained within
the FGP database. This allows the predicted local conditions to
be superimposed directly on the growth limit curves, as illustrated in Fig. 4. The concentration of plotted points relative to
the isopleths allows an assessment of the risk and extent of
possible fungal growth.
Environmental monitoring study of the fungus-contaminated test house (Fig. 2) showed that the comparison between
simulated and real surface temperature and relative humidity
data over a 7-day period in March was relatively good (P ⬍
0.05). It should be noted, however, that due to the lack of some
information, this simulation could not be regarded as constituting a strict test of the model, which has been subjected to
strictly controlled validation exercises (56). For example, due
to the age of the building, some of the structural properties
were not readily ascertainable and values for similar representative materials had to be substituted (24). Other uncertainties
arose because it was not possible to obtain definite information
on the influence of the occupants on the internal environment,
e.g., additional heat and moisture from washing and cooking,
etc. With this information, a more accurate prediction would
have been possible.
Conclusions. Overall, the present study has verified the feasibility of a computer-based approach to the prediction of
toxigenic fungal growth in problematic buildings and has demonstrated the usefulness of the prototype ESP-r program.
However, the continued development of the prototype into a
comprehensive prediction model will require an upgrading of
the current FGP database. First, there is very limited information currently available on the effects of fluctuations in temperature and relative humidity on fungal growth, sporulation,
and mycotoxin production in buildings. Second, a large number of fungi, hitherto regarded as harmless and which commonly occur indoors, have recently been implicated as the
cause of human ill health; e.g., some Fusarium, Acremonium,
and Penicillium spp. have been shown to be agents of hyalohyphomycosis (53). It is envisaged that additional isopleths for
the prediction of these emerging filamentous fungal pathogens
will be incorporated within the FGP database. Such information will enhance ESP-r’s fungal prediction capability, thus
allowing the program to make a more accurate assessment of
the risk or probability of toxigenic fungal growth in existing and
new buildings.
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