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Abstract—Spores of fungi and actinomycetes are almost always present in air but their numbers and
types differ with time of day, weather, season and location (especially if this is dominated by large
nearby spore sources). Without a source of spores in a building, numbers indoors are usually smaller
than outdoors but the types found are similar. Heaviest exposure to airborne spores is often found in
the workplace. Important sources are agricultural crops, especially during harvesting or during
handling and processing after storage, mushrooms, wood for timber or pulping, composts, food
processing and, increasingly, biotechnological processes. Many of the spores concerned are 1-5 nm in
diameter and they may number up to 1010 spores m" 3 air. Many of the organisms found are
well-known allergens and have been implicated in occupational asthma or extrinsic allergic alveolitis.
Some may also cause infection, e.g. Asperyillusfumigatus, or carry mycotoxins, e.g. Asperyillusflavus,
while very intense exposure may cause 'organic dust toxic syndrome'. Important factors in the
development of occupational asthma and allergic alveolitis are predisposition and the nature,
intensity and duration of exposure. Examples of exposure to fungal and actinomycete spores in
different occupational environments are described.

INTRODUCTION
MICRO-ORGANISMS, chiefly spores of fungi, are almost always present in the air but their
numbers and types change with time of day, weather, season, geographical location and
the presence of local spore sources. Cladosporium and Alternaria species predomin-
ate during the day in dry weather throughout much of the world, especially in summer.
By contrast, ascospores and basidiospores with active spore release mechanisms
predominate at night and after rain. Numbers may exceed 106 spores m" 3 air when the
weather is favourable for sporulation and spore liberation but total concentrations of
airborne spores are usually of the order of 103-104 m~3 air (LACEY, 1981).

Growing crops form immense sources of spores out of doors and large numbers
may be liberated during agricultural operations such as harvesting (DARKE et al.,
1976). Indoors, numbers of micro-organisms are usually smaller than outdoors unless
there is a source of contamination within the building. Such sources include stored
products and foods, timber, composts, air conditioning systems and, increasingly,
biotechnological processes. Sometimes these can give rise to concentrations of airborne
micro-organisms in excess of 1010 m~3 air. Many of these micro-organisms are 1-5 nm
in diameter and well suited for deep penetration into the lung.

For most of the time and for most people, the numbers of micro-organisms
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encountered in the air and inhaled are of little consequence but for some they can be the
cause of respiratory disease, its nature and type depending on the immunological
constitution of the subject, the nature of exposure and the micro-organisms present
(LACEY et al., 1972). This paper reviews the nature of the health effects caused by
airborne fungal and actinomycete spores and the environments in which they can
present health hazards, while the paper presented by TOPPING et al. (1989) at the same
conference reviews methods of sampling airborne micro-organisms and antigens.

HEALTH EFFECTS OF INHALED SPORES

Inhalation of organic dusts containing fungal and actinomycete spores can cause a
range of respiratory symptoms. Apart from infection, four types of respiratory reaction
can be recognized.

Allergic rhinitis and asthma
Allergic rhinitis and asthma depend largely on a constitutional predisposition of the

subject, known as atopy, which allows sensitization by normal, everyday exposure to
airborne allergens. The incidence of occupational asthma is variable but it is estimated
that this accounts for 5-15% of all asthma (BUTCHER and SALVAGGIO, 1986). Farmers
are exposed to many of the same allergens as the general population and the incidence
of atopy is probably similar in the two groups so that it is probably not surprising that
the incidence of allergy and asthma is similar in the two groups (HEINONEN et al., 1987).
However, many fungal allergens originate from agricultural crops, especially close to
harvest (e.g. Cladosporium, Alternaria, Didymella spp.), and from stored feeds and
seeds (e.g. Aspergillus fumigatus and other Aspergillus and Penicillium spp.; LACEY,

1980a, 1981; HARRIES et al., 1985).

Chronic bronchitis
The role of airborne spores in causing bronchitis is uncertain and is perhaps non-

specific or associated with endotoxins from Gram-negative bacteria. Incidence is
greater among atopic subjects, suggesting an allergic component, and both atopy and
smoking have additive effects on incidence (DONHAM et al., 1984; TERHO et al., 1987).
However, among farmers, it occurs more frequently than in the general population. It is
particularly associated with swine and poultry confinement buildings and with grain
handling. Its incidence in other occupations exposed to organic dusts is uncertain.

Extrinsic allergic alveolitis (hypersensitivity pneumonitis)
Extrinsic allergic alveolitis is a T-lymphocyte dependent granulomatous inflamma-

tory reaction, predominantly of the peripheral gas exchange tissue of the lung that does
not depend to any great extent on constitutional predisposition (NEWMAN TAYLOR,

1987). It is caused by a variety of dusts containing both fungal and actinomycete
spores, is characteristically an occupational disease and the names given to the different
forms usually reflect the environment in which they occur or the source of the antigen.
Farmer's lung is the classic example of an allergic alveolitis. Apart from micro-
organisms, allergic alveolitis may be caused by avian and animal serum proteins. A
characteristic of the aetiology of the diseases caused by fungi and actinomycetes is
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repeated exposure to large concentrations of spores mostly 1-5 /zm in diameter.
Concentrations typically exceed 106 spores m~3 air (LACEY et al., 1972) and a
minimum concentration of 108 has been suggested for the causation of acute symptoms
(RYLANDER, 1986) although this remains unproven. Insidious development of chronic
allergic alveolitis, without acute symptoms, may be the consequence of prolonged
exposure to relatively low spore concentrations.

Acute symptoms of allergic alveolitis develop several hours after exposure to the
offending dust and include chills, fever, a dry cough, malaise and, with repeated
exposure, increasing breathlessness and weight loss. Eventually, permanent lung
damage may occur. Diagnosis is based on a history of exposure to the relevant antigen,
clinical, radiographic and functional changes typical of the disease and the presence of
precipitating IgG antibodies (precipitins) to the causal antigen, with the possible
presence of basal crepitant rales, impairment of pulmonary diffusing capacity,
decreased arterial oxygen tension, a restrictive ventilation defect, increased lympho-
cytes and granulomatous infiltrations and with reproduction of the disease in
inhalation challenge with a relevant antigen (DO PICO, 1986; TEE and NEWMAN

TAYLOR, 1987). Precipitins are indicative of exposure to antigen and their relevance to
the disease has to be proved.

Organic dust toxic syndrome
Organic dust toxic syndrome, also referred to as silo unloader's disease and

pulmonary mycotoxicosis, can share some of the features of allergic alveolitis. It also
requires intense exposure to airborne dust and results in influenza-like symptoms with
leukocytosis and fever but it appears to require no prior sensitization, antibodies do
not develop, respiratory symptoms may or may not occur and there are usually no
radiographic changes. Also many workers exposed at one time may be affected. Fungi,
bacteria, mycotoxins and endotoxins have all been suggested as possible causes
(EMANUEL et al, 1975; BURG et al, 1981,1982; BURG and SHOTWELL, 1984; PRATT and
MAY, 1984; RYLANDER, 1986; DO PICO, 1986; PRATT et al, 1986; LECOURS et al, 1986).
Endotoxins from Gram-negative bacteria are known to produce febrile reactions on
inhalation. However, the aerobiology of environments in which this syndrome has
occurred has never been defined nor the roles of the different micro-organisms
established.

EXPOSURE TO FUNGAL AND ACTINOMYCETE SPORES IN OCCUPATIONAL
ENVIRONMENTS

Fungi implicated in occupational asthma
Occupational asthma has been reported during work in both outdoor and indoor

environments (Table 1). Out-of-doors the boundary between what might be consid-
ered normal, everyday exposure and occupational exposure is indistinct. Exposure to
fungal spores occurs continuously and many of the species present in the normal air
spora are known to cause allergic rhinitis and asthma (HYDE, 1972; BURGE, 1985). The
best known of these are Cladosporium and Alternaria which grow abundantly on
agricultural crops and form a large proportion of the natural air spora but whose
concentrations in the air are enhanced by agricultural operations such as hay making
and harvest.
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TABLE I. FUNGI IMPLICATED IN OCCUPATIONAL ASTHMA

Source of allergen Fungus implicated Reference

Outdoor environments

Cereal grains and straw

Reeds

Indoor environments
Mushroom culture

Enzyme production
(surface culture)

Food protein culture
Flour

Soup manufacture

Cheese dairy
Tobacco
Chiropodist's practice

Puccinia spp.
Uslilago spp.
Tilletia caries
Verticillium lecanii
Aphanocladium album
Paecibmyces farinosus
Apiospora montagnei (Arthrinium
arundinis)

Aspergillusfumiyatus
Lentinus edulis
Pleurotus ostreatus

Oidiodendron sp.
Aspergiltus flavus
Asperyillus awamori
Candida trnpicalis
Aliernaria spp.
Aspergiltus spp.
Agaricus hisporus
Boletus edulis
Penicillium camemhertii
Scopulariopsis brevicaulis
Trichnphyton ruhrum

CADHAM, 1924
HARRIS, 1939
JIMENEZ-DIAZ et al., 1947
DARKE eta/., 1976

DUCHE, 1944

SAKULA, 1967

KONDO, 1969

ZADRAZIL, 1974;

SCHULZ et al., 1974

OLIVIER et al., 1975

IZRAILET and FEOKTISTOVA,

1970
CORNILLON et al., 1975

KXAUSTERMEYER et al., 1977

SYMINGTON et al., 1981

GARI et al., 1983

LANDER et al., 1985

PEPYS, 1986

Occupational exposure indoors is easier to define since it relates to spores from
indoor sources, with a species composition that differs markedly from normal everyday
exposure. Without an indoor source of spores, the types in the air will be similar to
those outdoors but numbers will be smaller by perhaps two-thirds (BURGE et al., 1987).
Such small numbers are overwhelmed by spores, typically of storage fungi and
actinomycetes, from indoor sources. Occupational asthma in which fungal spores have
been implicated has been reported in many working environments (Table 1) but in
most of these levels of exposure have not been determined.

Fiinyi implicated in allergic alveolitis
When allergic alveolitis occurs, it is almost invariably in indoor environments and

it is characteristically occupational (Table 2). The fungi implicated are chiefly dry
spored species producing abundant spores smaller than 5 fim. They include several
Asperyillus and Penicillium species. Exceptionally, allergic alveolitis may be caused by
slimy spored species, such as Graphium sp., Aureobasidium pullulans, Phoma violacea
and Acremonium spp., which become airborne in aerosols created by showers or
humidifiers or through the action of sawmills, or by basidiospores of mushrooms,
liberated in large numbers by some species. The role of fungi in allergic alveolitis of
woodworkers is somewhat controversial. Late asthmatic responses have been found in
patients exposed to wood dust alone (PICKERING et al., 1972) but BELIN (1980, 1987)
and MAIER et al. (1981) consider that such symptoms can be caused by moulds in a
similar manner to sequoiosis (COHEN et al., 1967).
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TABLE 2. FUNGI IMPLICATED IN ALLERGIC ALVEOLITIS
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Source of antigen

Mouldy, heated grain

Malting barley

Citric acid fermentation

Maple bark
Redwood sawdust

Cheese

Straw
Shower curtain
Maize grain
Cork
Mushroom culture

Oat grain
Hay
Humidifiers

Timber

Mouldy walls

Decaying timber
Compost
Tobacco
Sausage

Rabbit farm
Apple store

Fungus implicated

Unspecified

Aspergillus fumigatus

Aspergillus clavalus
Penicillium spp.
Aspergillus fumigatus
Aspergillus niger
Cryptostroma corticate
Graphium spp.
Aureobasidium pullulans
Penicillium casei

Aspergillus versicolor
Phoma violacea
Aspergillus flavus
Penicillium glabrum (P.frequentans)
Pleurotus ostreatus
Pholiota nameko
Aspergillus fumigatus
Aspergillus umbrosus
Penicillium spp.
Acremonium spp.
Aspergillus fumigatus
Rhizopus microsporus var. rhizopodiformis
Penicillium spp.
Aspergillus fumigatus
Trichoderma virideC?)

Penicillium casei
Aureobasidium pullans
Cladosporium sp.
Serpula pinastri
Aspergillus fumigatus
Aspergillus fumigatus
Penicillium jensenii

Aspergillus davatus
Penicillium spp.
Alternaria alternata

Reference

RAMAZZINI, 1713

DUNNER et al., 1946

VALLERY-RADOT and GIROUD,

1928
RIDDLE et al., 1968

HOREJSI et al., 1960

TOPPING et al., 1985

EMANUEL et al., 1962

COHEN et al., 1967

DE WECK et al., 1969

MOLINA et al., 1971
RHUDY et al., 1971

GREEN et al., 1972

PATTERSON et al., 1974

AVILA and LACEY, 1974

ScHULZer al., 1974
TOCHIGI et al., 1982

YOCUM et al., 1976

TERHOand LACEY, 1979
SoLLEYand HYATT, 1980
PATTERSON et al., 1981

VAN ASSENDELFT, 1985

BELIN, 1980
VAN ASSENDELFT et al., 1985
BELIN, 1987

SCHMITZ-SCHUMANN et al.,
1 QQA
lyoo
T6ROK et al., 1981

JACOBS et al., 1986

GARFIELD et al., 1984

VINCKEN and ROELS. 1984

HLLSKONEN et al., 1984

MORIN et al.. 1984
GERAULT et al., 1984

DE CLOSETS et al., 1985
KROIDL et al., 1984

Actinomycetes implicated in allergic alveolitis
With few exceptions, the actinomycetes implicated in allergic alveolitis (Table 3)

are thermophilic species that grow in stored products that have heated to temperatures
up to 65-70°C during storage following inadequate drying or during composting
(GREGORY et al., 1963; FESTENSTEIN et al, 1965; LACEY, 1974, 1980b). Under these
conditions, populations up to 1010 spores g" ' substrate can develop. These spores are
easily dispersed into the air by disturbance of the substrate. Farmer's lung is the classic
form of allergic alveolitis and the thermophilic actinomycete, Faenia rectivirgula
(Micropolyspora faeni) is considered the principal source of antigens in the United
Kingdom. However, in sera from farmer's lung patients from Finland, Switzerland,
Canada and the U.S.A., antibody titres were greatest in the U.S.A. to F. rectivirgula
and in the other countries to Thermoactinomyces vulgaris (KURUP et al., 1987). Titres to
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T. vulyaris and T. thalpophilus in Finnish sera were similar, contrasting with earlier
studies in which antibodies to T. vulgaris predominated (TERHO and LACEY, 1979) but
in Swiss and Canadian sera, titres to T. vulgaris were the greater.

The only mesophilic actinomycetes to be implicated in allergic alveolitis were
Streptomyces olivaceus and S. albus. S. olivaceus was isolated from the thatch of
dwellings in New Guinea and caused allergic alveolitis in guineapigs although its role
in human disease could not be confirmed. S. albus was found in 'plant dirt' used
industrially to prepare bacterial inoculants for legume crops in the U.S.A. and caused
symptoms of allergic alveolitis in an exposed worker when he was challenged with
extracts of the actinomycete (KAGEN et al., 1981); it is also common in mouldy hay and
grain (FESTENSTEIN et al., 1965) and in the air of farm buildings but has not been shown
to cause allergic alveolitis in these environments.

CIRCUMSTANCES OF EXPOSURE TO FUNGAL AND ACTINOMYCETE SPORES
IN SELECTED ENVIRONMENTS

The exposure of workers to fungal and actinomycete spores in occupational
environments is seldom constant but changes both quantitatively and qualitatively.
The nature and extent of the air spora in such environments is determined by the degree
of colonization of the substrate, how much it is disturbed and by the effectiveness of
ventilation. How these factors affect occupational exposure of workers will be
illustrated by reference to selected environments.

The farm environment
Growing and stored crops form vast sources of fungal and actinomycete spores.

However, the spore types and the numbers that they contribute to the working
environment change with the source of spores and, with stored products, with the
conditions of storage, degree of disturbance and ventilation. The distinction between
everyday and occupational exposure is nowhere more difficult to draw than on the
farm. The fungi that colonize growing crops are those that predominate in the air, both
by day and by night, and are those that are dispersed during haymaking, harvesting
and other agricultural operations. Harvesting can lead to concentrations exceeding 108

spores m" 3 air near to the cutter bar and straw discharge and about 10% of this near
the driver (DARKE et al, 1976). Up to 75% of these may be Cladosporium, 25%
Alternaria and 10% Verticillium type spores. Rust or smut diseases within the crop will
increase the contribution from Puccinia and Ustilago to 3-4% or more. Exposure of the
workers can be decreased by using helmets or cabs with filtered air supplies. These can
remove up to 98% of spores from the breathing zone (LACEY and MCLEAN, 1977).

With storage, the nature of the microflora in hay and grain usually changes, the field
microflora becoming replaced by species typical of storage. The predominant species
are determined by storage conditions, especially temperature and water content.
Species present before harvest survive only in hay or grain stored dry, with water
contents of 12-13%. As water content increases, other species are able to grow and
increasing metabolic activity leads to spontaneous heating (Table 4; LACEY, 1980b;
LACEY et al., 1980). With water contents greater than 35%, temperatures of 65°C may
be attained allowing the growth of thermophilic and thermotolerant fungi and
actinomycetes, including species that can cause infection (Aspergillus fumigatus,

Downloaded from https://academic.oup.com/annweh/article-abstract/32/4/515/142869
by University of Liverpool user
on 04 February 2018



Fungal and actinomycete spores as pollutants

TABLE 3. ACTINOMYCETES IMPLICATED IN ALLERGIC ALVEOLITIS
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Source of antigen

Hay (farmer's lung)

Bagasse

Mushroom compost

Humidifiers

Thatch
Plant litter

Actinomycetes implicated

Faenia rectivirgula
Thermoactinomyces vulgaris
Thermoactinomyces thalpophitus, (as T.
vulgaris)
Saccharomonospora viridis

Thermoactinomyces vulgaris
Thermoactinomyces sacchari
Faenia rectivirgula
Thermoactinomyces vulgaris
Thermoactinomyces dichotomicus
Saccharomonospora viridis
Thermoactinomyces thalpophilus
Thermoactinomyces vulgaris
Saccharomonospora viridis
Thermoactinomyces intermedius
Streptomyces olivaceus (?)
Streptomyces albus

Reference

PEPYS el al., 1963

TERHOand LACEY, 1979

PEPYS et al., 1963

BARROWCLIFF and ARBLASTER,
1968
GREENE et al., 1981

HARGREAVE et al., 1968
LACEY, 1971a

SAKULA, 1967

MOLINA et al., 1982

KURUP, 1984
KURUP et al., 1976

KURUP et al., 1980
BLACKBURN and GREEN, 1974
KAGEN et al., 1981

Absidia corymbifera, Rhizomucor pusillus), asthma (A.fumigatus) and allergic alveolitis
(Faenia rectivirgula, Thermoactinomyces spp.; GREGORY et al., 1963; PEPYS et al., 1963;
FESTENSTEIN et al., 1965). Development of antibodies to F. rectivirgula may be
positively correlated with size of farm, time spent in the barn and a family history of
farmer's lung, but not, surprisingly, with presence of mouldy hay or method of storage
(CORMIER et al, 1985).

TABLE 4. THE EFFECT OF STORAGE CONDITIONS ON THE PREDOMINANT MICRO-ORGANISMS IN HAY AND GRAIN
(AFTER LACEY et al., 1980)

Approximate
water activity

(aw)

0.7-0.8
0.8-0.9

0.9-0.95

0.95
0.98

1.0

Approximate
water content

(%)

14.0-16.6
16.6-20.3

20.3-24.8

24.8
30.0

40.0

Likely maximum
temperature

TO

ambient
35

40

45
50-55

65

Predominant species

Aspergillus restrictus
Eurotium spp. (Aspergillus glaucus
group)
Aspergillus cersicolor group
Scopulariopsis brevicaulis
Streptomyces griseus
Aspergillus Candidas, Penicillium spp.
Aspergillus nidulans
Absidia corymbifera
Streptomyces albus
Aspergillus fumigatus
Rhizomucor pusillus
Humicola lanuginosa
Saccharomonospora viridis
Faenia rectivirgula
Tlxermoactinomyces spp.
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Traditional methods of hay making in Finland, with long periods of drying on
racks, decrease heating and the incidence of F. rectivirgula although Thermoactino-
myces spp. and Eurotium spp. (members of the Aspergillus glaucus group) remain
abundant with antibodies to both in farmer's lung patients (TERHO and LACEY, 1979).
However, in later studies, T. vulgaris, F. rectivirgula and Aspergillus umbrosus were all
more abundant on farms with farmer's lung patients than on those without (KOTIMAA

et al., 1984, 1987). In Canadian grain elevators, Aspergillus and Penicillium spp.
predominate in settled dust but actinomycetes may also be found (WILLIAMS et al,
1964; LACEY, 1980a) and may contribute to respiratory disorders (DENNIS, 1973).
There are often close inter-relationships between mite and fungal development in hay
and grain which may result in mite allergy in exposed workers (CuTHBERTer al., 1979;
REVSBECK and ANDERSEN, 1987; LESKINEN and KLEN, 1987).

In silos used to store moist barley and maize silage, the microflora may be further
modified by changes in the intergranular gas composition. Carbon dioxide concentra-
tions increase sufficiently, as a result of grain and microbial respiration, to inhibit
fungal growth. In unsealed silos, a mouldy layer usually develops at the surface, where
gaseous exchange can still occur, depending on water content and the nature of any
covering. Removal of this can generate vast quantities of actinomycete and fungal
spores creating the circumstances in which organic dust toxic syndrome occurs. Once
this layer is removed, subsequent heating and moulding is controlled by the rate at
which grain is removed from the exposed upper surface of top-unloaded silos. Removal
of at least 8 cm daily prevents heating and moulding but slower removal results in
colonization first by yeasts then in sequence, Penicillium roquefortii, P. rugulosum and,
with heating, Absidia corymbifera, Rhizomucor pusillus and finally A.fumigatus and F.
rectivirgula (LACEY, 1971b).

All species of storage fungi and actinomycetes produce abundant spores that easily
become airborne when the substrate is disturbed to give up to 1010 spores m " 3 air with
numbers and types changing as the microflora of the substrate changes. With heated
hays and grains, up to 98% of the airborne spores may come from actinomycetes
(BARUAH, 1961; LACEY and LACEY, 1964; LACEY, 1971b, 1988b; ZEITLER, 1986). Such
large concentrations may occur not only when hay bales are moved or opened for
feeding to cattle but also when moving grain, unloading silos and in docks when
loading and unloading ships (LACEY, 1980a, 1988b). In animal houses, concentrations
of airborne fungi and actinomycetes are greatest when mouldy hay and grain are being
fed. However, mouldy feeds are not the only sources of airborne organic material in
animal house dust. The animals may themselves yield airborne skin scales, fur or
feathers which may all carry bacteria that contribute to the endotoxin load in the air
while aerosols may be formed of urine and faecal material that can be allergenic
(THEDELL et al., 1980; HARRIES and CROMWELL, 1982; CLARK et al, 1983; BROUWERer

al, 1986; TRAVERS et al, 1988).

Mushroom farms
Preparation of compost on which to grow the common mushroom, Agaricus

bisporus, involves the spontaneous heating of a mixture of horse manure, straw and
other components. After 7-10 days, with occasional turning and heating to 75-8OcC,
the compost is placed loose or in boxes in steam-heated tunnels in which it is first
rapidly heated to 60°C and then maintained above 50°C for several days. During this
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last stage, abundant actinomycete growth occurs, chiefly of Thermomonospora
chromogena, T.fusca and T. curvata (LACEY, 1973a, 1988a). When mushroom spawn is
mixed with the compost and when it moves along conveyors, especially when it drops
from one level to another, spores are dispersed into the air in large numbers. Spawning
sheds of two farms yielded up to 4 x 108 spores of actinomycetes and bacteria m " 3 air
but only about 105 fungal spores m~3, mostly Scytalidium (Torula) thermophilum.
Counts of viable actinomycetes were smaller, numbering up to 2 x 106 Thermomono-
spora spp. colony forming units (cfu) m~3 air, 1.8 x 106 T. chromogena and 2.9 x 105

white Thermomonospora spp. Close to the source, workers were exposed to 6.3 x 106 T.
chromogena spores m~3 air. Previously, F. rectivirgula and Thermoactinomyces spp.
have been implicated in mushroom worker's lung (SAKULA, 1967) but these formed
only up to 1.5 x 105 cfu m~3 air, mostly on the upper stages of the Andersen sampler,
contrasting with the Thermomonospora spp. found mainly on the lower stages.

In the growing houses, Agaricus spores were few when picked as 'buttons1 but if the
veils ruptured and the caps allowed to open, up to 106 spores m~3 could be found.
Moulds growing on the compost and on the moist timber of the boxes were also present
in the air and no doubt many were disturbed during picking, perhaps contributing to
asthma in atopic pickers. These included Cephalotrichum (Doratomyces) stemonitis (up
to 2.1 x 105 spores m~3 air), A.fumigatus (up to 9 x 104 cfu m~3 air) and Penicillium
spp. (up to 4 x 104 cfu m~3 air). The oyster mushroom, Pleurotus ostreatus, grown
widely in Europe and sometimes as an experimental crop in England produces spores
much more prolifically than A. bisporus. These may even be seen rising like a fine mist
from the gills in suitable conditions to give concentrations up to 4 x 107 spores m " 3 air,
sufficient to cause allergic alveolitis (SCHULZ et ai, 1974; LACEY, 1988a). Oriental
mushrooms, like Lentinus edodes (Shiitake), may also produce many spores and cause
asthma and allergic alveolitis (KONDO, 1969).

Municipal waste composting
Composting may be used to decrease the bulk and to stabilize putrescible municipal

waste and sewage. Spontaneous heating to 55-60°C is an important part of the process
and the microbiological changes that occur are similar to those in mushroom
composts, with some 49% of bacterial colonies formed by Thermomonospora and
Thermoactinomyces spp. in equal numbers. Total bacteria in the breathing zone of
workers dismantling a static pile of compost numbered 1.9 x 107 cfu m " 3 air. Fungi,
93% of which were A.fumigatus, numbered 8.2 x 106 cfu m" 3 air (CROOK et al., 1988a).
In France, concentrations of mesophilic fungi up to 7.8 x 104 cfu m" 3 air and of
thermophilic fungi up to 6.1 x 104 cfu m" 3 air were found in four refuse composting
plants. Penicillium spp. were common in the raw garbage while A.fumigatus increased
during composting. Actinomycetes were also common but not identified (BOUTIN et al,
1987). Large numbers of A.fumigatus were also dispersed, at a rate of 4.6 x 106 cfu s" ' ,
from composted sewage sludge in the U.S.A. (MILLNER et al., 1980). Thermophilic
actinomycetes were also present (GOODFELLOW et al, 1987; LACEY, unpublished).

Food processing
Allergy to spores of Agaricus bisporus in a soup processing factory was reported by

SYMINGTON et al (1981) but usually exposure to fungal spores during food processing is
related to stored products. For instance, coffee beans, prior to roasting, usually carry
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fungal spores which can be dispersed into the air. Most (up to 2.4 x 10* cfu m~3 air)
were found in containers being unloaded at a warehouse. They included Eurotium spp.,
A .fumigatus, A .flavus, A. niger and Wallemia sebi. Actinomycetes were few, numbering
only 800 cfu m" 3 air at most. Within the warehouse, exhaust ventilation was effective
in decreasing airborne spores in the general environment but workers emptying sacks
were still heavily exposed. However, the chief allergen appeared to be green coffee bean
dust or, occasionally, castor bean dust contaminating the sacks (CROOK et al, 1988c).

Fungi are frequent in the air of bakeries, especially Aspergillus, Penicillium and
Mucor spp. (WALLENSTEIN et al, 1980; CROOK et al, 1988d). Flour and dried fruit are
important sources. In a British bakery, up to 1.2 x 103 cfu m" 3 air, mostly Penicillium
spp., were found where flour was weighed and up to 3.7 x 103 cfu m" 3 air, mostly
Wallemia sebi and yeasts, where dry fruit was handled. Actinomycetes were again few
(CROOK et al, 1988d). Aspergillus and Alternaria spp. and fungal amylase have been
suggested as causes of baker's asthma (KLAUSTERMEYER et al, 1977; BAUR et al, 1986)
but the aetiology of this condition remains obscure. Penicillium spp. are also important
in the maturation of some cheeses and sausages and may grow abundantly on the
surfaces. When these are cleaned prior to sale the spores are easily dispersed to cause
allergic alveolitis in exposed workers (DE WECK et al, 1969; GERAULT et al, 1984;
MORIN et al, 1984).

Industrial environments
Feed mills are contaminated with the same range of fungi as are found in grain

stores on farms, with Aspergillus spp. often predominant (STALLYBRASS, 1961).
However, when grain is germinated for malting, the conditions of the malt floor favour
Aspergillus clavatus, especially when germination is poor. Turning the sprouting grain
releases the abundant spores into the air, obscuring vision across the floor (RIDDLE et
al, 1968).

Sugar cane bagasse, the squashed, chopped fibre left after sugar is extracted from
sugar cane, leaves the factory containing 50% water and up to 5% sucrose. It thus
forms a good substrate for microbial growth and, when stored in bales, rapidly heats to
temperatures above 50°C which it can maintain for a period of 2-3 months (LACEY,

1974). A characteristically thermophilic microflora develops but many of the species
differ from those in hay. A. fumigatus may be abundant together with thermophilic
actinomycetes. Thermoactinomyces vulgaris occurs widely in samples but T. sacchari
occurs much more frequently in large numbers and seems the more likely cause of
bagassosis, a form of allergic alveolitis that occurs when mouldy bagasse is handled, as
when it is used for particle board manufacture. The species have both common and
distinctive antigens (LACEY, 1971a).

Fungal exposure also occurs in sawmills where some of the earliest forms of allergic
alveolitis were described. Cryptostroma corticale is a pathogen of maple trees in North
America. Infection may occur while the tree is standing but the fungus continues to
grow under the bark after felling and to produce copious spores that are released when
the bark is stripped in the mill. Up to 1.3 x 107 cfu m" 3 air may be produced causing
maple bark pneumonitis in workers (WENZEL and EMANUEL, 1967). Aureobasidium
pullulans and Graphium spp. have similarly been implicated in sequoiosis, associated
with redwood in the U.S.A. (COHEN et al, 1967). In Scandinavia, wood is cut into chips
for use as fuel and then stored in bulk. Moulding of the chips can occur with the
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predominant species including A. fumigatus, A. niger, Mucor spp., Paecilomyces
variotii, Penicillium spp., Talaromyces spp., Trichoderma spp., Aureobasidium pullulans,
Phanerochaete chrysosporium and Thermoactinomyces vulgaris (TERHO et al., 1980;
THORNQVIST and LUNDSTROM, 1982; VAN ASSENDELFT et al., 1985). A .fumigatus has also
been reported from sawmills, with some isolates producing tremorgenic mycotoxins
(LAND et al., 1987) while Rhizopus microsporus var. rhizopodiformis, from both wood
chips and timber, has been implicated in allergic alveolitis (BELIN, 1980). About 50% of
Swedish woodtrimmers had precipitins, mostly to Rhizopus, and 10-20% were
suffering from allergic alveolitis (BELIN, 1985).

The processing of cork may involve submerging the bales for several hours in vats of
boiling water and then stacking them for several days in small humid warehouses
during which time they become covered with mould growth. The predominant species
are Penicillium glabrum (P.frequentans), P. granulatum, Aphanocladium album, Monilia
sitophila and Mucor plumbeus. However only P. glabrum was abundant throughout the
factory and formed precipitins in the sera of cork workers with suberosis. Background
concentrations reached 2.6 x 107 spores m~3 air in the small warehouses and ranged
between 106 and 107 m~3 within the factory where the cork was processed. About half
of these were spores of Penicillium spp. Workers were exposed to up to 9 x 107 spores
m~3 air with heaviest exposure when moving the mouldy cork from the warehouse.
Fewer spores were associated with cork that had been conditioned by steaming
immediately before processing (LACEY, 1973b; AVILA and LACEY, 1974).

Byssinosis is a classic example of an occupational lung disease but its aetiology is
still obscure. Bacterial endotoxins have received strong support recently (RYLANDER

and SNELLA, 1976; SALKINOJA-SALONEN et al., 1982) but fungi and actinomycetes are
also common in the air of cotton mills, numbering up to 4.0 x 105 and 1.2 x 107 m~3

air, respectively, in a new mill in northeast England and 1.2 x 106 and 9.8 x 106 m" 3 ,
respectively, in an old Lancashire mill. The predominant fungi were Cladosporium,
Penicillium and Eurotium spp. and Aspergillus niger, all most common in the air during
the early stages of processing. Actinomycetes were usually few, mostly Streptomyces
spp. and Nocardiopsis dassonvillei but in the Lancashire mill, F. rectivirgula and
Thermoactinomyces spp. were abundant in the air (LACEY and LACEY, 1987).

Biotechnological processes are being increasingly used to produce nutritional
proteins, enzymes and other useful metabolites and to degrade wastes and recalcitrant
molecules. Aerosols may be produced during the handling of culture mats, through the
breaking of liquid films and the leaking of fermenters. Thus, TOPPING et al. (1985) could
find airborne allergen of Aspergillus niger and sensitivity to the spores that were
dispersed from surface citric acid fermentations. However, HOREJSI et al. (1960) found
that contaminating Aspergillus and Penicillium spp. were important causes of allergic
alveolitis from similar fermentations in Hungary. Most complaints occurred when
Penicillium was abundant. Exposure could also occur to Fusarium and yeasts used to
produce protein and to Aspergillus spp. used to produce enzymes but there is currently
no evidence of disease caused by the spores of these fungi. With microbial insecticides,
exposure to the fungus may occur not only during production but also during
application, as with Verticillium lecanii by spraying in glasshouses (EATON et al., 1986).

Exposure to fungal spores in industrial environments does not necessarily come
from materials but may also originate from air conditioning systems, especially if these
are humidified. Water reservoirs and moist baffle plates provide environments for the
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growth of fungi, bacteria including actinomycetes, protozoa, nematodes and even
aquatic mites. A.fumigatus was found colonizing the air conditioning system of a
factory producing synthetic fibres (WOLF, 1969), but usually there is a mixture of fungi
present (SOLOMON, 1974). These have included Aureobasidium pullulans, Paecilomyces
lilacinus, Phialophora hoffmannii, unidentified Phialophora, Phoma, Penicillium,
Fusarium and Acremonium spp. (PICKERING et al., 1976; STORMS, 1978; AUSTWICK,

1982; GRAVESEN and JEPSEN, 1981; BERNSTEIN eta/., 1983; SAMSON, 1985). Thermophi-
lic actinomycetes have also been found, particularly in the U.S.A., but not quantified
(BANASZAK et al., 1970; LACEY, 1988b). However, the role of fungi and actinomycetes in
humidifier fever is uncertain. Many of the components of the microfiora have been
implicated at different times (LIEBERT et al., 1984; BANASZAK et al., 1970; EDWARDS et
al., 1976; R YLANDER et al., 1978; RYLANDER and HAGLIND, 1984) but other studies have
failed to confirm earlier conclusions (LONGBOTTOM, 1986; MCSHARRY et al., 1987;
FINNEGAN et al., 1987) and there is still little agreement as to the likely cause (EDWARDS,

1986; AUSTWICK et al., 1986).

EXPOSURE TO MICROBIAL PRODUCTS

Exposure to bacterial proteolytic enzymes is well known as a cause of occupational
asthma (ZACHARIAE et al., 1982) while antibodies to actinomycete enzymes have been
recognized in farmer's lung patients (NICOLET et al., 1977; ROBERTS et al., 1983). It is
therefore not surprising that fungal enzymes and other products have also been shown
to produce similar disorders during their production and during use in bakeries
(Table 5). Although no respiratory responses to actinomycete antibiotics have so far
been reported during their production, late asthmatic responses to semi-synthetic
penicillins and cephalosporin have been found in antibiotic factories (DAVIES et al.,
1974; BUTCHER and SALVAGGIO, 1986).

TABLE 5. FUNGAL METABOLITES IMPLICATED IN OCCUPATIONAL ASTHMA

Metabolite Source fungus Reference

Penicillin Penicillium chrysogenum DAVIES et al., 1974
"Flaviastase' (protease) Asperyillus niyer PAUWELS et al., 1978
'Brinase' (protease) Asperyillus oryzae FORSBECK and EKENVALL, 1978
Ccllulase Asperyillus niyur LOSADA et al., 1986
Amylase Asperyillus sp. BAUR et al., 1986
Cephalosporin Acremonium strictum BUTCHER and SALVAGGIO, 1986

Some mycotoxin-producing fungi also carry the mycotoxin in their spores with
consequent hazards to health on inhalation. For instance, dust from groundnuts
contained 250-400 ng aflatoxin from Aspergillus flavus and A. parasiticus g"1 , with
more than 8% of particles smaller than 5 //m. It was estimated that baggers could
inhale 0.04-2.5 /zg aflatoxins in a 45 h week, perhaps resulting in lung, liver and colon
cancer although interpretation is complicated by the consumption of groundnuts by
workers during their work (DVORACKOVA, 1976; DEGER, 1976; ALAVANJA et al., 1987).
Airborne dust from maize could also contain up to 206 ng aflatoxins g"1 , giving
concentrations up to 107 ngm" 3 air with 5-17% of particles smaller than 7 /mi (BURG
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et al., 1981, 1982; BURG and SHOTWELL, 1984). A role has also been postulated for
tremorgenic mycotoxins produced by A. fumigatus in the allergic alveolitis of Swedish
woodtrimmers although the presence of the toxin in spores still has to be demonstrated
(LAND et al., 1987). A toxicosis produced by inhalation of trichothecenes in spores of
Stachybotrys atra has also been reported (CROFT et al., 1986).

CONCLUSION

Occupational exposure to fungal spores is not a new phenomenon. Even early in the
18th century, RAMAZZINI (1713) could describe how threshers, sifters and measurers of
grain were plagued by the dust, especially from heated and crumbling grain, with
symptoms closely resembling allergic alveolitis. Such occupational exposure occurs
widely in agriculture and is now recognized in many other industries, especially where
stored products are handled. However, in the future there will need to be greater
awareness of the opportunities for exposure and of occupational respiratory disease
during biotechnological processes.

There are currently no threshold limit values applied to fungal and actinomycete
spores and if these are to be derived there will need to be adequate sampling methods
and a greater understanding of the dose-response relationships in occupational
respiratory diseases and of the effects of constitutional factors in the exposed
population. The suitability of different microbiological sampling methods has been
reviewed by CROOK et al. (1988b) while REED et al. (1986) and TOPPING (1988) have
described immunochemical methods for detecting airborne allergens. Such methods
can be used to detect the presence even of unknown allergens in the atmosphere of
relevance in outbreaks of occupational lung disease. They can also be used to assay
known allergens and assess control measures. However, greater sensitivity is required
to enable allergens to be detected in low volume personal samples to estimate
individual workers exposure.

The control of airborne spores is best achieved at source firstly by good storage
conditions and adequate drying for stored products or by the prevention of aerosols in
biotechnological processes. If release of spores or aerosols is unavoidable, ventilation is
required as close as possible to the point of release to prevent dispersal throughout the
work environment. Personal exposure may be limited by suitable respiratory
protection efficient against spores down to 1 nm diameter (LACEY et al., 1982). Air
conditioning systems present special problems. The accumulation of dirt and stagnant
water needs to be avoided and the whole system maintained to a high degree of
cleanliness with frequent steam cleaning or disinfection.
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