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Abstract

Despite the recent increase in interest in indoor air quality regarding mould, there is no uni-

versally accepted standard media for the detection of airborne fungi, nor verification of many

commonly used techniques. Commonly used media including malt-extract agar (MEA),

Sabouraud dextrose agar (Sab), potato dextrose agar (PDA) with and without antibiotics

chloramphenicol & gentamycin (CG) were compared for their suitability in detecting a range

of airborne fungi by collecting 150 L outdoor air on a number of different days and seasons

via an Anderson 400-hole sampler in suburban Melbourne, Australia. There was relatively

little variation in mean numbers of colony forming units (CFU) and types of fungi recovered

between MEA, PDA, Sab media groups relative to variation within each group. There was a

significant difference between Sab, Dichloran-18% glycerol (DG18) and V8® Original juice

agar media, however. Antibiotics reliably prevented the growth of bacteria that typically

interfered with the growth and appearance of fungal colonies. There was no significant evi-

dence for a growth enhancing factor from potato, mineral supplements or various vegetable

juices. Differing glucose concentrations had modest effects, showing a vague ideal at 2%-

4% with peptone. Sanitisation of the aluminium Andersen 400-hole sampler top-plate by

flame is possible, but not strictly required nor advisable. The use of SabCG as a standard

medium was generally supported.

Introduction

Mould are a wide range of fungal organisms that flourish under damp conditions indoors and

outdoors, and in humans exposure is linked to the exacerbation of asthma, allergic rhinitis and

occasionally infection [1], but requires additional investigation [2].

A review of the current literature suggests there is no universally accepted method for

detecting, identifying and/or enumerating fungi within buildings, and similarly a lack of uni-

versally accepted limits for maximum permissible and/or normal exposure to occupants, or

even what may constitute a ‘mouldy’ house [3].

Outdoors, various moulds, yeasts, various other fungi and organisms saprophytically

degrade organic matter such as fallen leaves, trees, etc., and are generally ecologically benefi-

cial. The most common outdoor mould & yeast genera/types noted in studies in the Northern
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Hemisphere were Cladosporium, Aspergillus, Penicillium, Alternaria, Candida, Botrytis and
Helminthosporium. Within houses not known to be problematic the most common mould &

yeast genera/types noted were very similar to outdoors, but included Epicoccum mould and

Streptomyces bacteria. These indoor organisms are not usually a problem except in persistently

humid or wet areas of houses in which such organisms significantly grow in number. Expo-

sures to mould varies depending on a range of factors including regional differences, local cli-

mate including outdoor humidity and wind, shade, organic debris, landscape maintenance,

etc., heating and cooling systems, indoor humidity and air-filtration and ventilation systems

[2]. Dampness in a house is also associated with the deterioration of structural components

such as plasterboard / Gyprock / drywall panels [4].

Mould living in damp indoor environments have the potential to cause a variety of adverse

health effects by several mechanisms leading to rhinitis, sinusitis, conjunctivitis, asthma, and

actual infection [2,5].

Once a building is wet enough for fungal colonisation, remediation is required promptly to

prevent further growth and also thorough physical removal of the then numerous fungal parti-

cles to reduce exposure of occupants and site workers [6,7]. There are significant differences of

opinion globally on how best to achieve this, and to what degree, and how to objectively deter-

mine if it has actually been achieved [2,8–14]. This is curious given the increasing number of

legal disputes at least in the state of Victoria, Australia [15] and the Australian Federal Govern-

ment interest [16].

The main established means of determining if a building is mouldy is to compare air sam-

ples taken from outdoors and in a number of locations indoors, counting fungal particles by

either culture-based methods for ‘viable’ colony-forming units (CFU), or microscopy-based

‘total-count’ of identifiable fungal particles, or ideally both to overcome the limitations of each,

as also airborne and settled particles, and to measure dampness and humidity [8,17].

A method of collecting airborne viable particles is the Anderson air sampler [18,19], being a

calibrated air-pump drawing air through a top-plate with a set of 200 or 400 small holes

directly over a Petri dish of agar gel media. Air drawn through the holes hits the gel surface,

deflecting sharply and hence depositing particles on the gel. The Petri dish is then incubated to

allow growth of organisms, facilitating identification and enumeration. It remains to be seen

which agar media is best suited to these purposes, however.

Other methods exist such as simple swabbing and culture, or ‘replicate organism detection

and counting’ (RODAC) touch-plates that employ a slightly raised agar gel surface that is

applied to the test surface then incubated [20,21]. These, however, have been found to have a

poor and variable recovery rate from standardised indicator-organism seeded surfaces

between several commercial products [22]. Other problematic methods exist such as settle-

plates exposed to air for a time [23–27], or the detection of adenosine triphosphate (ATP),

diphosphate (ADP) and/or monophosphate (AMP) from biological substances on various sur-

faces but is not good for mould and bacterial spores [28,29]. LASER airborne particle counters

are unable to determine if a particle is a viable spore, nonviable spore, other whole organisms,

pollen, mineral grit, sawdust, skin flakes, etc. [30,31] and a study found no significant associa-

tion between fungal spores and particle numbers [32]. There are no strict regulations for dusts

in a house, unlike industrial clean-rooms [33].

There was a correlation between dampness, visible signs of mould and damage, and detec-

tion of viable ‘indicator’ moulds in buildings [34]. A study of dust extracted from carpets and

rugs in many houses in Wallaceburg, Ontario, Canada, found that Alternaria alternaria, Aur-
eobasidium pullulans, Eurotium herbariorum, Epicoccum nigrum, Aspergillus versicolor and

Penicillium chrysogenum were present in 50% or more of the samples analysed [35]. A study of

variously mouldy rooms in Germany used dichloran-18%-glycerol agar (DG18) and malt-
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extract agar (MEA) media [34] and did draw a correlation, it remains to be seen whether these

are the ideal media for these types of studies given they appear to be used more by tradition

than their demonstrated suitability for use in a variety of conditions. DG18 is used as a selec-

tive media for xerotolerant and mesophilic organisms given its low water-activity (aw) courtesy

of its high salt/solute content [36].

DG18 has dichloran added to limit the spread of some fast-growing fungal colonies, limit-

ing their diameter [37] and reducing the problem of covering over other, smaller colonies

making identification and enumeration difficult. Yet the dichloran affects the growth of vari-

ous fungi differently, barely limiting the growth of some while completely inhibiting others

[38] and is somewhat toxic and hence somewhat less than ideal for handling and disposal [39].

Studies comparing various media used to sample indoor air fungi found that DG18 at 25˚C

generally recovered significantly higher numbers compared to MEA and/or incubation at

37˚C [40]. Other workers noted that Cladosporium halotolerans more often survived sudden

rehydration on high aw media after having been dried and cultured in low aw media than did

Aspergillus niger and Penicillium rubens given these tended lyse on rehydration [41]. Others

suggested that the lower aw of DG18 (~0.96) compared to other common media (~0.99) may

allow better recovery of food spoilage yeasts that originally grew at low aw, presumably due to

osmolysis on high aw media [38]. For context, typical seawater has an aw of 0.98 [42], and

many salt-preserved foods have an aw of around 0.95 [43].

Studies of dust-borne fungi in houses using media including DG18 suggested that spores

may be unable to grow in culture for various reasons including inappropriate nutrients, tem-

perature or inhibitors, and hence yielding only loose associations in numbers of mould

detected in notably-mouldy and non-mouldy houses [44,45]. Given that DG18 was originally

developed to enumerate xerophilic foodborne moulds and yeasts this is unsurprising [36] and

it was also found that it was less able to reliably culture various food spoilage fungi compared

to other newer media and hence is not now recommended even for this purpose [38]. Some

moulds found in WDB such as Stachybotrys chartarum atra and Chaetomium globosum
require very high aw, and may lose their viability soon after collection, and are very slow grow-

ing, very often being totally obscured by faster-growing moulds like Penicillium, Aspergillus,
Ulocladium, etc., that that tend to spread over them [46]. Thus, a low aw media such as DG18

may fail to detect important fungi.

MEA has been used for some 100 years at least, presumably because of its relative low cost

and the high availability of malt extract, and presumably the likely common utilisation of the

sugar, maltose, by organisms typically rotting or fermenting grains. Some brewing / baking

yeast (Saccharomyces cerevisiae) strains have differing utilisation of maltose [47]. It is unclear if

the range of various other fungi growing on skin flakes, damp cardboard and carpets, etc., in

water damaged buildings (WDB) would utilise maltose given its likely absence.

A study of 64 homes in the UK used Sabouraud 4% glucose chloramphenicol agar media

(SabC) did establish a correlation between visible mould and detected mould [48]. Sabouraud

media was originally formulated to reliably grow a range of dermophytic fungi via the fairly

universal energy source, glucose, and a general amino acid / peptide supplement, peptone, but

not usually the vast numbers of resident bacteria due to an acidic pH.

Rose Bengal medium is also used [37,38], being both a selective and differential medium in

that the Rose Bengal dye is taken up by fungi more than other organisms but has the problem

of becoming toxic when exposed to light [49,50].

A range of other media are also occasionally used for fungi for various objectives, including

the passaging/sub-culturing of reference strains that have already been isolated and purified,

especially plant-borne pathogens (potato-dextrose agar, PDA) [51], food-spoilage fungi

(DRBC, PCAC, TGYC, DG18) [38] or for selection/identification of microbes able to utilise
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sucrose and inorganic nitrogen (Czapek-Dox Agar) [52] or enriching for specific subsets of

microorganism populations (tap-water cellulose agar) [53], etc., which are hence significantly

different from the objective of best estimating the numbers of viable fungi associated with

WDB and normal indoor/outdoor airborne fungi. There is a shift in fungal ecology between

outdoors and visibly mouldy dwellings, becoming less relatively diverse presumably because

the colonising fungi is better suited to the dwelling’s dampness, humidity, temperature, build-

ing materials, etc. [46,54].

The use of variously enriched media has been explored including the addition of minerals

and/or vegetable juices such as the commercially available ‘V81Original’ juice by the Camp-

bell Soup Company, a blend of eight vegetables including mainly tomato juice, with the notion

that there is some factor that enhances the growth and detection of fungi, especially plant path-

ogens [34,46,55,56]. Some supplements such as molasses, V81 juice, coconut, urea and ammo-

nium variously affected the growth of Aspergillus flavus CA43 [57]. The numbers of fungi

recovered from houses varied over time when using media including Rose Bengal, MEA, V8

and DG18 agar had an at least approximately 20% coefficient of variation [58].

Bacteria and fungi compete for the same resources and hence affect the growth of each

other by either using limited resources faster, or actively secreting substances that inhibit their

growth. Chloramphenicol (chloromycetin) is secreted by Streptomyces venezuelae, a soil bacte-

rium [59]. Various Lactobacillus bacteria have an antifungal effect [60,61], as also Bacillus bac-

teria strains [62,63], and are included in commercial preparations of probiotic capsules

promoted as of benefit to people with gastrointestinal complaints such as irritable bowel syn-

drome (IBS) [64].

Bacteria exist in vast numbers in ordinary topsoil, dusts, on skin, dander and hence the nor-

mal indoor environment. This is of less concern for media used to analyse typically sterile sam-

ples such as body tissues and cerebrospinal fluid. Old media formulations did not include

antibiotics, often having been not stable enough to be autoclave sterilised at 121˚C and stored

in solution for a practical time period, and penicillin is an example of this [65,66] as also are

other labile antibiotics [67] in contrast to chloramphenicol, which is far more stable and hence

suitable for such use [59]. Bacteria don’t cause health effects in quite the same way as moulds

[68–71] and hence their exclusion from fungus-specific detection media is justifiable.

Materials and methods

Sabouraud / SabCG medium agar

As indicated, either pre-made complete Sabouraud Dextrose Agar powder (Oxoid CM0041, 65

g/L), mixed into cold reverse-osmosis (RO) purified water, adjusted to pH 5.6 ±0.2, autoclaved

(121˚C, 15 min, jacket off, no vacuum pre- or post-autoclave), cooled before adding 100x chlor-

amphenicol-gentamycin stock (100xCG: 5 mg/mL chloramphenicol (Sigma C0378) in 50% eth-

anol, 40 mg/mL gentamicin (Pfizer / DBL / Pharmacia), hence 10 mL/L) before pouring.

Otherwise where indicated, made ‘from scratch’ from individual components, being Mycologi-

cal Peptone™ powder (Oxoid LP0040, 10 g/L, the powder stated by the manufacturer as having

9.5 w/w total nitrogen and 2.9% w/w amino nitrogen), glucose powder (APS/AJAX, 40 g/L),

bacteriological agar powder (Oxoid LP0011, 15 g/L) mixed into cold RO water to 1 L, adjusted

to pH 5.6 ±0.2, autoclaved, cooled, with or without 100xGC addition as indicated then poured.

PDA potato dextrose agar

Pre-made complete PDA powder (Oxoid CM0139, 39 g/L, being 4 g/L potato extract, 20 g/L

glucose and 15 g/L agar when poured) mixed into cold RO water to 1 L, autoclaved, cooled,

with or without addition of 10 mL/L of 100xCG as indicated then poured.
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V8 media agar with chloramphenicol and gentamycin (V8c)

V81Original vegetable juice (Campbell Soup Company, Campbell’s Soup Australia, Lemnos,

Victoria, 200 mL), calcium carbonate (Sigma, 2 g), bacteriological agar powder (15 g), mixed

into cold RO water to 1 L, autoclaved, cooled, with or without addition of 10 mL of 100xCG as

indicated then poured.

Dichloran 18% glycerol media agar with chloramphenicol and gentamycin

(DG18c)

Pre-made dichloran glycerol agar base powder (Oxoid CM0729, 31.5 g, being peptone 5 g/L,

glucose 10 g/L, potassium dihydrogen phosphate 1 g/L, magnesium sulphate 0.5 g/L, dichloran

0.002 g/L and agar 15 g/L and pH 5.6 when poured), glycerol (Sigma, 176 mL) mixed into cold

RO water to 1 L, autoclaved, cooled, with or without addition of 10 mL/L of 100xCG added as

indicated then poured.

Malt extract media agar without/with chloramphenicol and gentamycin

(MEA, MEACG)

malt-extract powder (Oxoid LP0039, 34 g/L, the powder stated by the manufacturer as having

1.1% w/w total nitrogen, 0.6% w/w amino nitrogen, 0.1% w/w sodium chloride, and typically

60–63% w/w reducing sugars with other long-chain sugars present, and mainly soluble cal-

cium and magnesium salts), agar powder (10 g/L), mixed into cold tap water, adjusted to pH

5.5 ±0.2, autoclaved (110˚C, 25 min), cooled, with or without 10 mL/L of 100xCG as indicated

then poured.

Peptone media agar with/without chloramphenicol and gentamycin

(PeptoneCG, Peptone-only)

Mycological Peptone™ powder (Oxoid LP0040, pH 5.3 at 2%), powdered agar and other com-

ponents as indicated, cold RO water, autoclaved, cooled, with or without 10 mL/L of 100xCG

as indicated and then poured.

Maltose agar media

maltose monohydrate powder (Sigma M2250, to 40 g/L when poured) was added to liquid

medias as indicated prior to being autoclaved, cooled, with or without 10 mL of 100xGC addi-

tion as indicated and then poured.

Mineral Supplement #1 (MS1) media agar

50xMS1 stock was prepared as 25 g CaCl2.2H2O (Sigma), RO water to 100 mL, then autoclave

sterilised. MS1 medium was prepared as follows: 40 g glucose, 10 g peptone, 15 g bacteriologi-

cal agar, RO water to 1 L. Autoclaved, cooled to approx. 50˚C, 20 mL of 50xMS1 stock added

dropwise with stirring of the liquid medium, 10 mL of 100xCG stock, pH adjusted to 6.7 +/-

0.3 and then poured.

Mineral Supplement #2 (MS2) media agar

50xMS2 stock was prepared as 40 g Ammonium dihydrogen phosphate (NH4)H2PO4, 5 g

Potassium Chloride KCl, 5 g Magnesium Sulphate MgSO4.7H2O, 0.1 g Ferrous Sulphate FeS-

O4.7H2O, 0.1 g Zinc Sulphate ZnSO4.7H2O, 0.032 g Cupric Sulphate (anhydrous) CuSO4, RO
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Water to 100 mL then filter sterilised (Thermo Scientific™ 597–4520, 0.20 μm pore diameter).

MS2 medium was prepared as per MS1 medium, but using the 50xMS2 stock.

Vegetable supplements

Tomatoes (hydroponic ‘truss’ variety) and celery were bought fresh from a local supermarket

(Sim’s IGA Supermarket, Footscray, Victoria, Australia) and each were juiced via kitchen food

processor (Sunbeam). V81Original vegetable juice (Campbell Soup Company, in UHT steri-

lised bottles) were similarly acquired, being a combination of tomato, beets/beetroot, celery,

carrot, lettuce, parsley, watercress, spinach juice concentrates and water.

Clarification of vegetable juices

Coarse filtration through clean/washed calico cloth, warming filtrate to approx. 50˚C in a

microwave oven, adding 1/4 volume of liquid agar stock (2% in RO water) that had been mol-

ten and cooled to approx. 50˚C prior to addition, mixed then cooled to 4˚C and filtered

through clean calico cloth using some manual pressure, settled at 4˚C for 30–60 minutes in a

tall jar, decanted and filter sterilised (Corning 431218, 0.20 μm pore diameter).

Heat-treatment of vegetable juices

30 mL of freshly clarified sterile vegetable juice in a sterile 50 mL plastic tube with a slightly

loose lid was placed in approx. 200 mL boiling water in a borosilicate glass vessel and placed in

a microwave oven, gently boiling for approx. 10 minutes, then cooled. Then 1 mL of each ster-

ile supplement was added to the top of previously poured, set, room-temperature and slightly

dried SabCG media plates and a sterile glass L-shaped bacteriology cell-spreader (Merck,

S4522) was used to spread the liquid evenly over the entire surface and allowed to soak/dry

before use.

Air sampling

QuickTake30 (SKC Biosystems) with ‘SKC Biostage-400’ single-stage 400-hole sampler assem-

bly attachment [19] as per Andersen, 1958 [18] without any attachments atop the sampler top-

plate, positioned horizontally [72] and at 1.5 m height, approx. 2 m from buildings, with wind-

speeds approx. 1–3 m/s (4–9 km/h) on each occasion (i.e., still air and windy days were

avoided, as also rain). Typically 150 L air samples were taken in triplicate in a ‘collated’

sequence, being all of the first plates of each different media, then all of the second plates, then

all of the third plates, to best minimise the effect of differing air velocities and wind direction

shifts, local dust-raising activities, etc.

Viable CFU

The term ‘viable CFU’ is used to describe mould (Actinomycetes, Zygomycetes), yeasts, presum-

ably also other fungi possibly including mushrooms, toadstools, earth-stars, puffballs, timber

brown-rot, white-rot, etc., (Basidiomycetes generally), fungal plant pathogens and other organ-

isms unaffected by chloramphenicol / gentamycin, slime-moulds and any other organism able

to grow at 27˚C to a visually apparent size and hence detectable after 3 days on the stated

media.

Calculation of CFU/m3

Was by (1.25x correction factor for the use of plastic Petri dishes as per Andersen, 1958 [18]) x

(the total detected CFU/Petri dish) and then reference to the Andersen Table 1: positive hole
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correction table [18], and then dividing the result by the number of cubic metres of air sam-

pled (typically 0.15 m3, being 150 L of air).

Identification of organisms

By visual (1x) inspection of colonies from upper- and under-side (reverse), and 40-100x

inspection of the upper side of colonies on the medium by microscopy via Radical RXLr-3T

(Radical Scientific Equipment Pvt. Ltd., India), and if required, 400-1000x by tease-mount in

water, with oil immersion on top of a 0.17 mm glass cover slip at 1000x. Identification via vari-

ous references [73–76] down to general categories as per ASTM D7658-17, D7391-20 [77,78].

Flame sanitisation of Andersen 400-hole top plate

The top plate of a SKC Biostage-400 assembly was unscrewed and placed right-side-up on a

bench then approx. 3–5 mL of common household methylated spirits (approx. 95% ethanol

solution UN1170, with approx. 1% denaturing odorants; Digger brand, Recochem Inc., Aus-

tralia) was added and lit with a butane lighter, then allowed to burn until it self-extinguished

and allowed to cool and dry for 1 minute.

Thermography

Testo model 875–2 thermographic camera with SuperResolution module active (Testo,

Germany).

Bacteria powder

‘Double Strength Probiotic’ powder in capsules (Life-space Probiotics company), containing a

combination of Lactobacillus rhamnosus Lr-32 & GG & HN001, Bifidobacterium lactis BI-4, L.

plantarum Lp-115, Streptococcus thermophilus St-21, L. casei Lc-11, L. paracasei Lpc-37, B. ani-
malis ssp. lactis HN019, B. breve Bb-03, B. longum Bl-05, L. gasseri Lg-36, B. infantis Bi-26, L.

delbrueckii ssp. bulgaricus Lb-87 and L. reuteri 1E1, in approximately that order by number. A

single capsule of 64 billion CFU/capsule was opened and a fine stream of the powder was

blown by small electric fan towards the QuickTake30 sampling unit while in operation approx-

imately 1 m away. This was intended only as an excess of bacteria known to interfere with fun-

gal growth at>17,520 CFU/m3 air and hence at least one CFU for each of the 400 holes of the

Andersen 400-hole sampler.

Lugol’s iodine

50 mg/mL iodine in 100 mg/mL potassium iodide solution as supplied in a standard Gram

staining kit (Magnacol Pty Ltd, UK).

Table 1. Summary of results of CFU/m3 detected in 150 L outdoor air by SabCG in various experiments performed in each season.

Season Month / year Mean CFU/m3 Standard Deviation Figure ID

Spring September 2019 282 22 Fig 6

Summer February 2020 316 30 Fig 8

Autumn April 2020 289 19 Fig 2

Winter July 2020 242 69 Fig 4

Mean 282

https://doi.org/10.1371/journal.pone.0238901.t001
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Glucose testing

By blood glucose test kit (Accu-Chek Mobile U1, Roche).

Data processing and graphing

MS-Excel for Mac v16.35 (Microsoft). Analysis of variance (ANOVA) was by “Anova: Single

Factor” [sic] method via Excel’s analysis tools package, as also mean and standard deviation

(SD).

Results

Media tests: Glucose, maltose, peptone and SabCG

Testing various peptone, glucose and maltose-based media (Fig 1) in late-January 2020 (sum-

mer) in Melbourne, Australia, indicated a significant variance in the number of CFU/m3

detected within media types relative to their means, often greater than the variation between

media types. Importantly, PeptoneCG (no sugars) had fewer CFU than SabCG ‘stock’ (using

pre-prepared complete powder) and ‘from scratch’ (using the same individual components

used in other media), but comparable CFU to MaltosePeptoneCG and GlucoseMaltosePepto-

neCG. The AgarCG and MaltoseCG were similarly very low in detected CFU/m3, and each

had fungal colonies that were similarly very poorly developed and difficult to see, in no way

comparable to colonies observed on the other media, and very difficult to identify although

several had Alternaria-like chains of dark spores at the surface despite a lack of distinct hyphae,

Fig 1. Maltose, glucose and peptone utilisation by outdoor airborne fungi. Media included SabCG ‘premade stock’

with CG antibiotics added, SabCG ‘scratch’ made from the individual components used in the other media,

PeptoneCG (with no added sugars), AgarCG, 4% MaltosePeptoneCG and GlucoseMaltosePeptoneCG (hence 8% total

sugars). Error bars are +/- 1 SD to better indicate the noted variance between three replicate plates of each medium.

https://doi.org/10.1371/journal.pone.0238901.g001
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hence definitely not the full gamut of outdoor airborne organisms, and would not normally be

counted as CFU at 3 days incubation.

One-way ANOVA analysis indicated was a significant difference between all media

(p = 0.0089), but for SabCG(stock), SabCG(scratch) and PeptoneCG, significantly more varia-

tion within groups than the variation between groups (p = 0.623).

The results indicated that the presence of maltose reduced the numbers of CFU detected,

being similar to PeptoneCG despite the noted degree of hydrolysis of maltose to glucose. The

variation was quite significant and hence the association was not very strong at the number of

replicate plates used per experiment, however.

That the PeptoneCG medium showed appreciable numbers of CFU was somewhat surpris-

ing as the standard understanding is that fungi typically require carbohydrates. The standard

SabCG with 2–4% glucose seems OK for practical purposes, but the 4% glucose (the standard

formula of many years) is likely slightly more useful in comparisons with historical data.

That the GlucoseMaltosePeptoneCG was comparable to MaltosePeptoneCG and Pepto-

neCG was curious as it was expected to be similar to SabCG. It was noted that GlucoseMaltose-

PeptoneCG would have had 8% sugars, MaltosePeptoneCG 4% sugars, and PeptoneCG 0%

sugars, and hence not likely an effect of differing osmolarity, and hence possibly some form of

catabolite repression and/or possibly that maltose is less readily utilised by a sub-population of

organisms.

MEA and maltose media without added glucose did have a detectable amount of glucose

after autoclave sterilisation, being 7.5–10.2 mM glucose in maltose-based media, and

approx. 55–100 mM in MEA, and no detectable glucose in fresh maltose in cold RO water at

approximately 100 mg/mL. Hence if the MEA after autoclaving, pouring and storage had

55–100 mM glucose, and the original mass of dry malt extract powder added was 34 g/L,

then 29–53% w/w of the original mass of the malt extract powder was present in the MEA as

glucose. Given that the dry malt extract powder is said to typically have 60–62% w/w reduc-

ing sugars (which includes monosaccharides and the disaccharide maltose, but not sucrose

nor longer chain sugars) then 48–86% of those reducing sugars were present as glucose in

the MEA.

Hence there was a degree of hydrolysis of the pure maltose within the MaltoseCG and Mal-

tosePeptoneCG media into glucose likely during autoclave sterilisation at 121˚C for 15 min,

plus warm-up and cool-down time, and time at approx. 50-70˚C during pouring. It was origi-

nally intended that the maltose solution be filter-sterilised and added to cooled liquid agar

media, but this was not the case and instead this experiment was used mainly to demonstrate

that when maltose is in a media, it does hydrolyse to glucose to a physiologically significant

degree during normal autoclave sterilisation given that normal human blood glucose concen-

tration is approx. 5–10 mM. The noted glucose concentration suggested approximately 1.8 g/L

maltose had hydrolysed out of 40 g/L initial maltose, or 4.5%.

Clarified V81Original juice, tomato juice, celery juice agar media

supplements and heat-labile factor effects

There was no significant difference between media with or without various clarified vegetable

juice extracts overlain over the top of SabCG media, and hence no significant heat labile factor

nor missing vital vitamin or mineral or such supplied by these vegetables at least that enhances

the detection of outdoor airborne fungi in mid-April (autumn), Melbourne, Australia (Figs 2

and 3; p = 0.91). It was noted that uncooked tomato juice significantly changed odour when

heated, going from a ‘grassy’ fragrance to a ‘tomato soup’ odour, yet this had no discernible

effect on numbers of CFU nor colony morphology, range of cultured organisms, etc.
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Early development cycles using vegetable juices that had not been clarified at all were found

to not be useful for two reasons: being impossible to filter sterilise; being difficult to see

through the tomato-based media from underneath, making enumeration and identification of

Fig 2. Media supplemented with raw or cooked vegetable juices. SabCG (1 mL water control); TJr / TJc = 1 mL

Tomato Juice, raw / cooked; V8r / V8c = 1 mL V81Original juice, raw but supplied UHT pasteurised / cooked; CJr /

CJc = 1 mL Celery Juice, raw / cooked. Each medium was tested in triplicate, and all were overlain over the top of pre-

prepared SabCG media in Petri dishes.

https://doi.org/10.1371/journal.pone.0238901.g002

Fig 3. Images of results of raw and cooked vegetable juices. Images of some of the resulting Petri dishes (Fig 2) after

culture for illustrative purposes only. Noted typical variation in numbers and types of fungi between each plate.

https://doi.org/10.1371/journal.pone.0238901.g003
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colonies difficult. It was also determined by Lugol’s Iodine solution there was a significant

amount of starch in unclarified juices that could presumably affect results by selectively

advantaging organisms with amylase activity, further explored in other experiments presented

below.

The method of adding 1 mL of clarified juices including V81Original juice over the top of

SabCG media was useful but not equivalent to the media known as ‘V8 media,’ being approxi-

mately 1/3 strength and with glucose, peptone, chloramphenicol and gentamycin.

V8c, DG18c and SabCG media

The V8c and DG18c media (containing antibiotics chloramphenicol and gentamycin, GC)

were compared with SabCG via standard collection of airborne particles by 400-hole Andersen

sampler outdoors in a suburban location on a winter’s afternoon with a light breeze (approx. 4

km/h, 1 m/s). Six replicate plates were used per medium, and collected in ‘collated’ sequence,

being SabCG, DG18c, V8c, then repeating in that sequence to better allow for random changes

in wind speed, direction and hence likely changes in numbers and types of viable airborne

fungi over the course of the experiment, being approximately 2 h (Figs 4 and 5).

There was a significant difference between the three different media regarding the number

of airborne CFU/m3 detected (p< 0.0003) when incubated for 3 days at 27˚C.

The mean for SabCG was significantly highest at 242 CFU/m3, while DG18c and V8c were

151 and 73, respectively. Their corresponding SD were 69, 51 and 29, respectively, or 29%,

34% and 40% of their means, respectively. There was hence little overlap in their 68% confi-

dence interval (i.e., +/- 1 SD around the mean), being 173–312, 100–201 and 45–102, respec-

tively, assuming a normal distribution. The Kurtosis and skew of results for SabCG were 1.77

and 1.43, respectively, and for DG18c they were -1.89 and 0.66, respectively, and for V8c they

were -0.54 and -0.03, respectively, and hence generally normal or only mild skew for DG18c

and V8c, but significant for SabCG results, while Kurtosis was acceptable for each medium

[79].

Additionally, the V8c medium was notably difficult to see through, being red in colour and

nearly opaque and hence difficult to quickly observe the reverse / underside of many colonies,

normally very useful in identifying/differentiating Cladosporium from Aspergillus and

Penicillium.

Fig 4. Graph of V8c, DG18c and SabCG media. 150 L outdoor air was sampled via Andersen 400-hole sampler onto

six replicate plates of each of V8c, DG18c and SabCG agar media then incubated at 27˚C for 3 days.

https://doi.org/10.1371/journal.pone.0238901.g004
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It was also noted that the V8c medium had faint zones of clearing around some colonies

but not all, and nearly always the colonies with clearing were large compared with colonies

without zones of clearing (Fig 5E). This clearing was found to be due to the localised lack of

starch in the media, as determined by flooding the plates with Lugol’s Iodine that stains starch

dark, and hence likely due to digestion of the starch by some but not all organisms, and the

organisms digesting starch growing more rapidly than those not doing so. The standard V8

agar medium formula does not include simple sugars such as glucose, nor peptone or similar

alternative energy sources in any great abundance given V81Original juice is stated as having

3.3 g/100 mL carbohydrates, of which 2.7 g/100 mL are sugars, 0.8 g/100 mL protein and 1.0 g/

100 mL ‘dietary fibre.’

The DG18c medium did cause the colonies that grew to grow at a somewhat similar rate,

and hence the colonies were more consistent in size at three days, but were quite often under-

developed compared with SabCG, being without good maturation of spores, sporulating struc-

tures and typical colouration thus making identification more difficult and time-consuming.

It was also noted that the condensation from the DG18c was quite sticky, having significant

amounts of glycerol presumably picked up while running over the gel that hence did not dry

prior to, during or after sample collection. This caused one plate to become contaminated with

a significant number of yeast colonies, causing it to be rejected from the data set. Typically, the

condensate on the Petri dishes of other media without glycerol merely dry during the sampling

Fig 5. Images of SabCG, DG18c and V8c media. 150 L of outdoor air was sampled via Andersen 400-hole sampler onto six replicate plates of each of V8c (A), DG18c

(B) and SabCG (C) agar media and incubated at 27˚C for 3 days; (D) V8c media stained with Lugol’s Iodine, staining starch dark, seen from below the media (reverse

side); (E) Detail of stained V8c media plate #1 from the upper side. Zones of clearing of starch was noted around some but not all colonies, with larger colonies being

more associated with definite zones of clearing, smaller colonies without. Some seemingly colony-less zones of clearing may have been artefacts of wispy, low-mass

colonies being rendered essentially invisible when the Lugol’s Iodine solution was added, causing structures to lay flat against the gel surface.

https://doi.org/10.1371/journal.pone.0238901.g005

PLOS ONE A comparison of several media types to assess outdoor airborne fungi in Melbourne, Australia

PLOS ONE | https://doi.org/10.1371/journal.pone.0238901 December 18, 2020 12 / 25

https://doi.org/10.1371/journal.pone.0238901.g005
https://doi.org/10.1371/journal.pone.0238901


of 150 L air, as also the media itself, typically visually apparent by the 400 dimples in the gel

surface corresponding to the holes in the 400-hole Andersen sampler top-plate. The pattern of

dimples is useful in determining that the bottom dish with media has not rotated during sam-

pling due to vibrations from the air-pump as this affects the statistical calculations that are

based on the assumption that a hole is either negative for growth (0 CFU), or has one or more

viable CFU, and hence appears positive for growth despite possibly having multiple original

viable CFU deposited on the gel surface.

It is unclear if the winter season may have caused a shift towards more high-aw-tolerant

organisms compared to hot dry presumably lower aw seasons, and hence higher apparent

numbers in the high aw SabCG medium cf. the lower aw DG18c. Melbourne, Australia tends to

have fairly dry, mild winters.

The use of six replicate plates was found to be useful (compared to three) given the noted

significant variation presumably due to the combination of the inherent uncertainty in the

400-hole Andersen collection method, and the uncertain nature of wind currents and weather.

The use of three replicate plates was, however, not unreasonable in other experiments wherein

large numbers of different media were compared simultaneously, thus generally controlling

for day-to-day variation. The P-values support this conclusion.

Media tests: MEA, PDA with/without antibiotics, and mineral supplements

MS1, MS2

There was no great difference in numbers of outdoor airborne fungi collected early-September

(early spring) in Melbourne, Australia, between various mineral supplements and other media

such as PDA or MEA, compared with SabCG (Figs 6 and 7). The variation between media

groups was generally less than the variation within each group, but having the CG antibiotics

present facilitated enumeration and identification of organisms.

Chloramphenicol / Gentamycin (CG) was useful in reducing numbers of bacterial colonies

to zero, increasing the confidence in the identification of yeast colonies that usually look simi-

lar (shiny, glabrous, usually small, round colonies; Fig 7). Also the fungal colonies were more

regular in shape, tending to have a rounded circumference, cf. irregular colonies with ‘holes’

and scalloping from bacterial colonies growing where the fungal colony would otherwise be,

and fungal colonies having more regular colours, appearance, sporulation/fruiting bodies, etc.,

Fig 6. Effect of antibiotics in various media vs bacteria powder challenge. Mineral supplemented medias with CG

antibiotics (MS1, MS2), other medias with antibiotics (SabCG+, MEACG+, PDACG+), and without antibiotics (MEA-

, PDA-), seeded with airborne bacterial powder during sampling 150 L outdoor air, then incubated at 27˚C for 3 days.

https://doi.org/10.1371/journal.pone.0238901.g006
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presumably due to not having to actively respond to competing bacteria nearby, or passively

via the drain on available resources in the local media.

Mineral supplements MS1 and MS2 caused the media to go cloudy, which was less than

ideal for counting and identification purposes. This cloudiness occasionally lessened over time

and/or occasionally when colonies grew nearby, forming halos of clear areas presumably due

to changes in pH due to atmospheric CO2 and/or biological processes and fermentation prod-

ucts also including CO2, and also likely ammonia, organic acids, etc.

Various glucose concentrations of media vs airborne fungal detection

There is some small degree of difference in numbers of CFU (and their colony morphology)

between SabCG media with different concentrations of glucose, with possibly a more ideal

concentration being about 2% cf. the standard 4% (Figs 8 and 9). The effect is small, however,

and would be unlikely to significantly influence counting or identification. There is little effect

over the tested range from 1% to 8%, as predicted from the estimated aw. There was some effect

noted in the PeptoneCG medium, but even then it seems the majority of airborne fungi able to

grow at 27˚C within 3 days are able to substantially grow and sporulate without a sugar source,

using the peptone as an energy and nitrogen source to complete their life-cycle, at least when

sampled in early-February (summer), Melbourne, Australia. Glucose seemed to generally be of

benefit, but some experiments suggested a possible suppression of growth at high sugar con-

centrations, initially hypothesised to be a catabolite-repression and/or high osmolarity effect.

Fig 7. Visible effects of bacterial growth on fungi. Images of Petri dishes (Fig 6) seeded with bacteria powder while

drawing 150 L outdoor air: (A) at 24 hr, 27˚C, MEA (left) shows many bacterial colonies in the pattern of the 400-hole

top-plate, and MEACG (right) showing no colonies due to CG antibiotics. Fungal colonies are not typically visible

until 48 hrs, and not typically enumerated nor identified until 72 hr; (B) Example of MEA after 72 hr, 27˚C, showing

the small bacterial colonies in the 400-hole plate pattern. Fungal colonies were typically somewhat different to colonies

on MEACG, having visibly different morphologies and colours, e.g., Penicillium spp. colonies were typically flatter,

smaller, with scalloped edges and the spores were pale and at a delayed state of growth/development, while other fungi

remained very sparse, spreading without apparently sporulating and hence making identification very difficult; (C)

Example of results at 72 hr, 27˚C, with MEA (top row) and MEACG (bottom row), with notably different colony

colours and morphologies with/without CG antibiotics; (D) Example of typical colony morphologies on MEACG and

other media with antibiotics such as SabCG, having better maturation, conidia development, colouration and overall

more consistent colony shape thus aiding identification and enumeration.

https://doi.org/10.1371/journal.pone.0238901.g007
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Outdoor CFU/m3 by season detected by SabCG

Each experiment performed included a control, being stock SabCG and hence it was possible

to collate the data from multiple experiments conducted on different days, which happened to

be different seasons (Table 1).

Given the experiment presented in Fig 4 (winter) had six replicate plates rather than the

three replicate plates used in the four other included experiments (spring, summer, autumn)

the use of the mean of the means prevented over-representation of the winter data in the over-

all results that would otherwise be 274 CFU/m3. Thus the weighted mean of the pooled stan-

dard deviations (Sp) is 50 CFU/m3.

Fig 8. Various media glucose concentrations graph. Graph of CFU/m3 air (from 150 L air sampled) vs media with

various glucose concentrations. SabCG stock is 4% glucose. The colonies on the GlucoseCG (no peptone, 4% glucose)

medium were very under-developed and not strictly comparable with those on other media. Colonies on PeptoneCG

were similar to those on SabCG 1%, 2%, 4% and 8% glucose.

https://doi.org/10.1371/journal.pone.0238901.g008

Fig 9. Images results of various glucose concentrations. Images of Petri dishes after culture as used in Fig 8: (A)

Column at leftmost, Stock SabCG; second left, GlucoseCG (colonies virtually invisible and very under-developed),

third-left, PeptoneCG, fourth-left / rightmost, SabCG 1% glucose; (B) Column at leftmost, SabCG 2% glucose, second-

left, SabCG 4% glucose, third-left / rightmost, SabCG 8% glucose.

https://doi.org/10.1371/journal.pone.0238901.g009
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This excluded experiments performed in December 2019 and January 2020 (both being in

summer), which were abnormally still and windy days, respectively, and an experiment per-

formed using only 60 L outdoor air that showed too few CFU per Petri dish to be statistically

useful and hence repeated using 150 L.

Flame sanitisation of 400-hole Andersen air sampler top-plate

Dousing the aluminium Andersen 400-hole air sampling top-plate with alcohol and flaming it

did effectively sterilise or at least sanitise it of significant numbers of dry viable Penicillium
spores placed there (Fig 10). This was not entirely expected because it was presumed the heat

would be insufficient to raise the temperature of the metal above that required for significant

killing for long enough to do so. It is known that aluminium has a high thermal conductivity

and is often used in heat-sinks and cookware. It was also noted that some charred debris and

possibly inorganic grit was often left behind, however, which seemed to accumulate in the

quite narrow holes, reducing air flow and the number of ‘open holes,’ critical to the operation

of the Andersen 400-hole sampler.

Discussion

The use of SabCG as commonly formulated and commercially available was found to be rea-

sonably consistent and sensitive for the detection, enumeration and identification of airborne

Fig 10. Flame-sanitisation of Andersen 400-hole top-plate. (A) Photograph of results of samples taken by swab from

SKC BioStage 400-hole Andersen top-plate doped with an excess of viable dry Penicillium chrysogenum spores; (B)

Sample after top-plate was liberally doused with common household methylated spirits but not ignited; (C) Sample

after top-plate was doused with alcohol and then ignited then allowed to self-extinguish and cool for 1 minute before

sampling; (D) Thermographs of flaming SKC BioStage 400-hole Andersen top-plate: top-most image was at the time of

ignition (maximum estimated temperature 101.9˚C); image second from top was 13 s after ignition and continuing to

burn; image third from top / at bottom as 35 s after ignition at approximate time when the flames had ceased. It was

noted that the temperature of the aluminium top-plate was less than 42˚C at this time and was only slightly warm to

the touch when repeated on other occasions without added mould spores.

https://doi.org/10.1371/journal.pone.0238901.g010
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viable fungi including a variety of moulds and yeasts found outdoors, at least in suburban Mel-

bourne, Australia. This was used as a baseline / proxy for the indoor and general environment,

and in the context of a relatively inexpensive, reasonably rapid and difficult to mis-read test.

The medium is non-toxic and simple, having an amino-acid/peptide source widely used in

microbiology and a glucose source, and supports the growth of a wide range of organisms

found in outdoor air, which do not require growth factors or such from sources such as malt

or vegetable juices, and is not selective for amylase- or maltase-positive organisms, and a wide

range of aw requirements, which is useful for its intended purpose in estimating how mouldy a

house is, especially those that are damp.

The inclusion of anti-bacterial antibiotics chloramphenicol and gentamycin appears to

improve fungal colony morphology, colouration and rate of development by suppressing bac-

terial growth and hence making enumeration and identification faster and easier even for

more experienced staff, including simple observation to determine if it is a yeast or bacterium

given their colonies often look very similar.

Detection and enumeration of early-coloniser fungi such as Penicillium, Aspergillus, Alter-
naria, Ulocladium, Rhizopus, Mucor and yeasts may be a useful proxy for the general degree of

mouldiness of a house as indicator organisms, being always present in low numbers outdoors

(thus a useful control for the sampling equipment, media and culture conditions), growing

rapidly and easily, are relatively easily enumerated and identified, are present in significantly

elevated numbers in water damaged buildings, and may indeed cause respiratory disease

directly.

Further experiments are planned to better analyse statistical aspects of the original 400-hole

air sampling method published by Andersen in 1958 [18], as well as more meaningful analyses

of real-world houses with and without known mould/moisture issues, and eventually ideally

finding any hypothetical correlation between mould and reported symptoms by occupants.

This has been especially difficult with the great variety of different media and methods used

historically, coupled with a lack of clarity surrounding the different objectives and practical

considerations of estimating the mouldiness of an inhabited building, compared with more

well-known but significantly different concerns for testing foodstuffs, food-preparation sur-

faces, surgical and manufacturing clean-rooms, pathology samples including medical, veteri-

nary, plants, etc.

The use of malt-extract-based and/or starch-bearing agar media, often used for the detec-

tion of plant pathogens and the contamination of plant-derived foodstuffs, is of questionable

suitability for detecting organisms saprophytically degrading organic materials found in damp

houses such as carpet, paper, cardboard, plasterboard, timbers, etc., or natural micro-environ-

ments such as leaf litter, fallen logs, grass, or animal materials such as hair, wool, fur, skin

flakes, leather, dander, etc. This is possibly because such household dusts and materials are

unlikely to have significant amounts of starch or maltose compared with foodstuffs and germi-

nated and/or rotting grains.

Maltose does hydrolyse over time and temperature, reportedly approximately 5% or so at

120˚C for 1 hour [80], and supported by the results indicating approx. 4.5% after an autoclave

cycle of 1 L liquid media. Malt and hence malt-extract is highly variable, being a pivotal aspect

of brewing beer and whisky (or whiskey) typically using barley but possibly wheat or rye and

germinating them under differing conditions to cause the starch to enzymatically break down

into various sugars including maltose, and then may be roasted and even smoked to impart a

variety of flavours before further processing and extraction typically including concentration

by boiling and evaporation, all of which have different, variable and/or un-reported durations

and conditions of heat treatment. This would likely lead to significant regional and batch-to-

batch variation that is not well controlled or described and may or may not have a significant
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effect on sampling results when attempting to compare them between groups using different

media suppliers, autoclave conditions or working in different countries and/or times.

It seems that a significant proportion, and possibly the majority, of reducing sugars present

in the original malt extract powder added to MEA is then present as glucose after autoclaving

and storage, although it is unclear how much of the glucose was present in the powder itself

from the production of malt extract, primarily by prolonged boiling at a somewhat acid pH

and likely leading to maltose hydrolysis.

Regardless, it appeared that the presence of maltose when added as pure powder to Malto-

sePeptoneCG and MaltoseGlucosePeptoneCG agar media suppressed the numbers of CFU/m3

detected in outdoor air compared with GlucosePeptoneCG (= SabCG), although it was unclear

exactly why.

Estimates of the nitrogen content of MEA medium using 34 g/L malt extract (Oxoid

LP0039) are approximately 0.0374% w/v total-N, 0.0204% w/v amino-N, and hence approxi-

mately 39% the total-N and 70% the amino-N content of Sabouraud media prepared with 10

g/L Mycological Peptone™ (Oxoid LP0040). Given that the results suggest the presence of pep-

tone (and hence nitrogen) is a more critical factor than the presence of glucose or maltose, it

seems reasonable to add it in a specific manner in relative abundance as per the Sabouraud

medium rather than the lesser amount in the MEA medium.

Logically and practically it seems better to reduce batch-to-batch variability by simplifying

the media using chemically-pure glucose, and a consistent nitrogen source such as Mycological

Peptone™, and using reliable stable antibiotics such as chloramphenicol and gentamycin, as per

SabCG. This also avoids the noted lower detection of outdoor airborne CFU/m3 when maltose

and/or malt extract was used in media such as MEA, MEACG, MaltosePeptoneCG, etc.

The notion that the high aw of the SabCG media might suppress the apparent numbers of

outdoor airborne fungi by preventing the growth of numerous xerophilic organisms present

or other possible causes is not supported by the data when the low aw media, DG18 (with anti-

biotics) was compared with SabCG.

Other workers had noted a reduction in the viability of some common fungal spores grown

under low aw then exposed to high aw media, putatively due to an osmotic-shock effect causing

the spores to swell and lyse [38,41], thus reducing the apparent numbers of airborne fungi

recovered on high aw media. This is curious given that few common fungi are markedly inhib-

ited by high aw [81], and because the likely highest contributors to fungal growth are high aw

materials/environments, which is the notable problem in a damp building. This is presumably

quite different to the problems of low aw food spoilage by xerophilic/xerotolerant organisms.

Of course, in assessing a building for mould in practice it is to best achieve a reasonable com-

promise between detecting the full range of viable organisms present, or the subset of ‘indica-

tor organisms’ virtually guaranteed to be present if the building is or has recently been damp

and thus mouldy, and to do so reasonably consistently, rapidly in culture, and facilitating enu-

meration and identification.

SabCG appeared to achieve a reasonable balance of this under the experimental conditions

used, and using outdoor airborne fungi as a proxy for the range of organisms found in

buildings.

The V8c agar medium (with antibiotics) significantly yielded the lowest numbers of out-

door airborne fungi when compared with SabCG and DG18c media in winter in Melbourne,

Australia. This was interesting but not unexpected given its relative lack of simple sugars and

amino acids. That the largest colonies found on the V8c agar medium were always associated

with a zone of clearing of the starch granules under and around it was interesting, especially

when very small colonies were generally not associated with a zone of clearing. This suggests
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that the large colonies are able to grow because they were digesting the starch and hence at a

considerable advantage in the otherwise relatively energy-poor medium.

The generally-cited incubation conditions for DG18 (25˚C, 5–7 days) presented some chal-

lenges given that this is often more than the time required for many common moulds to grow

to maturity, sporulate and have progeny colonies of a size and state of maturity making them

appear to be the originally collected generation, albeit usually smaller but tending to appear

like other slower-growing organisms, thus adding a source of bias and confusion.

Similarly, other sparsely-growing or wispy organisms tended to spread avidly and hence

cover smaller colonies, obscuring them and making enumeration and identification difficult.

The longer time of incubation also presents a problem when there is a potential health-risk

at a likely mouldy house, office, etc., when the time for results turnaround is important. Hence

the use of 3 days incubation at 27˚C as standard appeared to be a reasonable compromise,

being warm enough to allow the reasonably rapid growth of many organisms, but not so warm

as to inhibit temperature-sensitive organisms such as Penicillium and Cladosporium species

commonly found in damp houses. Many environmental organisms including some strains of

plant pathogens Eutypa lata and Botryosphaeria do not grow well in culture at temperatures

much above 20–24˚C depending on the climate they were isolated from [82].

In testing various media, it was tempting to use more controlled conditions such as filtered

air intentionally seeded with known species of cultivated moulds, but it was thought it would

be a better test of the natural world to use the likely wider range of wild-type organisms found

outdoors. Additionally, in testing houses and other buildings for mould, the outdoor air is

always tested and compared as a control given that non-mouldy / non-WDB typically have a

similar number of airborne as outdoors, but significantly mouldy / WDB have more than out-

doors, albeit typically of a narrow range of organisms that grow rapidly in damp conditions on

building materials. Therefore, the more important concern is to reliably and rapidly detect the

likely relative shift in the range of organisms differentially rather than exhaustively and

absolutely.

When the results of the number of outdoor airborne viable fungal CFU/m3 detected by cul-

ture on standard SabCG medium were compared between each different season (excepting

days of very low or high wind speeds) it was found that the mean of the mean results was 282

CFU/m3 (Table 1) with a weighted mean of the pooled SD (Sp) of 50 CFU/m3. Hence the 68%

confidence interval (C.I.) was 232–332 CFU/m3, and the 96% C.I. was 183–382 CFU/m3. This

yields a coefficient of variation of 18%.

It is interesting to note the calculated C.I. as these approximate values are often seen in

practice when sampling outdoor air as a control prior to entering a building under assessment

for mould, excepting adverse or unusual weather events including rain, strong winds, or the

air sampling unit being positioned too close to or downwind of a notably mouldy building or

materials removed from one, or some types of trees and wetland areas via personal observation

of many hundreds of sampling occasions over many years and locations (results not shown).

Further routine studies with greater numbers of replicates are planned, and during various

weather conditions and seasons using only SabCG to simplify such studies down to a more

manageable degree. Sampling notably mouldy houses using DG18c and SabCG suggested the

high aw-requiring Trichoderma reesei was occasionally present but unable to grow on DG18c

(pilot studies, results not shown).

While it is possible to flame-sterilise or sanitise the 400-hole Andersen impactor top-plate,

it is of questionable advantage to do so while onsite, likely having several orders of magnitude

less than 1% an effect on the results even if taken from a very mouldy location to a sterile one,

especially compared with the typically far greater natural sampling uncertainty.
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Flaming the top-plate onsite carries some practical considerations such as transporting and

carrying flammable liquids and setting fire to it between uses, frequently while wearing flam-

mable gloves and disposable polyethylene overalls while carrying flammable plastic bags, and

often in environments with large amounts of sawdust, cardboard particles, construction mate-

rials and waste, plastic sheets used for containment cells during remediation works, paints and

thinners, and sometimes quite strong air currents either outdoors, or from outdoors in dam-

aged buildings, or from blowers, air-movers, fans, air-filtering units, heaters, air-conditioning

units, dehumidifiers, etc., within buildings often without functional smoke alarms, fire-fight-

ing equipment and functional fire suppression sprinkler systems, proper fire escapes, or often

floors, stairs and power.

Previous experience found that collection efficiency was impaired when the top-plate was

wiped with cleaning solutions that left any residue such as benzalkonium chloride and deter-

gents, and hence the regular use of hot RO water and an ultrasonic bath was implemented to

clean the holes, keeping them open and keeping air flow consistent between uses as per the

manufacturer’s instructions [19].

Similarly, it was also found that the number of CFU detected by the 400-hole sampler was

not significantly affected by having been used previously in a very mouldy location, such as

sampling a ‘clean’ location immediately after a location with high numbers of viable airborne

moulds (personal observation).

This was not surprising given that the holes are 0.25 mm diameter, and approximately 1.5

mm deep. Thus all 400 holes together have a collective void-volume of less than 30 μL. Hence,

for there to be a reasonable chance of increasing a subsequent air sampling run by one single

CFU there would have to be one CFU within the 30 μL of void-volume from the previous air

sampling run, which would therefore be 3.3 x 107 CFU/m3, which is very far beyond the typical

282 CFU/m3 found outdoors normally, and even far beyond the lower limit of the highest risk

category commonly cited (5,000 CFU/m3) by many orders of magnitude.

Prudence and habit, however, meant that the 400-hole top-plate was wiped top and bottom

with a commercially available single-use disposable lens cleaning wipe that comes pre-soaked

with isopropanol to remove dusts rather than sterilise or sanitise the top-plate. This is reflected

in sampling protocols for various airborne microorganisms including fungi and bacteria via

the same Andersen sampling apparatus, using isopropanol merely to clean the sampling plate

without setting fire to it according to the manufacturer’s instructions [19,83], and ideally the

pump unit, hands/gloves and other equipment potentially exposed to mould and dust.

Supporting information

S1 File. Tables of raw data. These tables include CFU/plate counted, calculated CFU/m3 air

via Andersen, 1958 with a 1.25x adjustment to the raw CFU/plate given polymer Petri dishes

were used, and general categories of genera as adapted from ASTM D7391-20 section 12.3.2

[78], pertaining to Figs 1–9 and Table 1.

(DOCX)

S2 File. Tables, data analysis and graphs. A MS-Excel notebook of several spreadsheets per-

taining to Figs 1–9 and Table 1, including ANOVA analysis, means, standard deviations, and

charts/graphs, and also an adaptation of Andersen 1958 Table 1 adjusted to convert CFU/plate

to CFU/m3 with the 1.25x adjustment factor for use of plastic Petri dishes.

(XLSX)

PLOS ONE A comparison of several media types to assess outdoor airborne fungi in Melbourne, Australia

PLOS ONE | https://doi.org/10.1371/journal.pone.0238901 December 18, 2020 20 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238901.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238901.s002
https://doi.org/10.1371/journal.pone.0238901


Acknowledgments

Many thanks are given to all the staff at the Media Preparation Unit, The Peter Doherty Insti-

tute for Infection and Immunity, The University of Melbourne, Parkville/Melbourne, Victoria,

Australia, with particular acknowledgments (in no particular order) to Elena Paraskeva, Kim

Lai Bell, Claire Fraser and Elizabeth Trajcevska, with humble apologies to anyone I have

missed.

Author Contributions

Conceptualization: Wesley D. Black.

Data curation: Wesley D. Black.

Formal analysis: Wesley D. Black.

Investigation: Wesley D. Black.

Methodology: Wesley D. Black.

Project administration: Wesley D. Black.

Resources: Wesley D. Black.

Software: Wesley D. Black.

Supervision: Wesley D. Black.

Validation: Wesley D. Black.

Visualization: Wesley D. Black.

Writing – original draft: Wesley D. Black.

Writing – review & editing: Wesley D. Black.

References
1. Hesseltine CW, Shotwell O. New methods for rapid detection of aflatoxin. Pure Appl Chem. 1973; 35:

259–266. https://doi.org/10.1351/pac197335030259

2. Committee on Environmental Health. Spectrum of Noninfectious Health Effects From Molds. PEDIAT-

RICS. 2006; 118: 2582–2586. https://doi.org/10.1542/peds.2006-2828 PMID: 17142549

3. Rao CY, Burge HA, Chang JCS. Review of Quantitative Standards and Guidelines for Fungi in Indoor

Air. J Air Waste Manag Assoc. 1996; 46: 899–908. https://doi.org/10.1080/10473289.1996.10467526

PMID: 8806223

4. Kazemian N, Pakpour S, Milani AS, Klironomos J. Environmental factors influencing fungal growth on

gypsum boards and their structural biodeterioration: A university campus case study. PLOS ONE.

2019; 14: e0220556. https://doi.org/10.1371/journal.pone.0220556 PMID: 31374095

5. Wirth F, Goldani LZ. Epidemiology of Rhodotorula: An Emerging Pathogen. Interdiscip Perspect Infect

Dis. 2012;2012. https://doi.org/10.1155/2012/465717 PMID: 23091485

6. Stetzenbach L, Amman H, Johanning E, King G, Shaughnessy RJ. Microorganisms, Mold and Indoor

Air Quality. American Society for Microbiology ASM; 2004. Available: www.asm.org/ccLibraryFiles/

FILENAME/000000001277/Iaq.pdf

7. IICRC. ANSI/IICRC Standard and Reference Guide for Professional Mold Remediation s520. Institution

of Inspection, Cleaning and Restoration Certification; 2015.

8. Heseltine E, Rosen J, editors. WHO guidelines for indoor air quality: dampness and mould. WHO, Den-

mark; 2009. Available: http://www.euro.who.int/en/publications/abstracts/who-guidelines-for-indoor-air-

quality-dampness-and-mould

9. Environmental Health Division. Recommended Best Practices for Mold Remediation in Minnesota

Schools. Minnesota Department of Health MDH; 2014.

10. Guidelines on Assessment and Remediation of Fungi in Indoor Environments. New York City Depart-

ment of Health and Mental Hygiene; 2008.

PLOS ONE A comparison of several media types to assess outdoor airborne fungi in Melbourne, Australia

PLOS ONE | https://doi.org/10.1371/journal.pone.0238901 December 18, 2020 21 / 25

https://doi.org/10.1351/pac197335030259
https://doi.org/10.1542/peds.2006-2828
http://www.ncbi.nlm.nih.gov/pubmed/17142549
https://doi.org/10.1080/10473289.1996.10467526
http://www.ncbi.nlm.nih.gov/pubmed/8806223
https://doi.org/10.1371/journal.pone.0220556
http://www.ncbi.nlm.nih.gov/pubmed/31374095
https://doi.org/10.1155/2012/465717
http://www.ncbi.nlm.nih.gov/pubmed/23091485
http://www.asm.org/ccLibraryFiles/FILENAME/000000001277/Iaq.pdf
http://www.asm.org/ccLibraryFiles/FILENAME/000000001277/Iaq.pdf
http://www.euro.who.int/en/publications/abstracts/who-guidelines-for-indoor-air-quality-dampness-and-mould
http://www.euro.who.int/en/publications/abstracts/who-guidelines-for-indoor-air-quality-dampness-and-mould
https://doi.org/10.1371/journal.pone.0238901


11. PromptCare. The Problems with Fogging and Use of Biocides for Mold Removal. 2014. Available:

https://www.urfresh.com/wp-content/uploads/2014/01/Problems-with-Fogging2.pdf

12. Neumeister-Kemp H, Kemp P. Australian Mould Guideline AMG. 2nd ed. 2010.

13. Assessment, Cleaning, and Restoration of HVAC Systems ACR 2004. National Air Duct Cleaners

Association NADCA; 2006.

14. Kleinheinz GT, Langolf BM, Englebert E. Characterization of airborne fungal levels after mold remedia-

tion. Microbiol Res. 2006; 161: 367–76. https://doi.org/10.1016/j.micres.2006.01.002 PMID: 16527474

15. Jones CL. Mould in building disputes. J Bacteriol Mycol Open Access. 2018; 6. https://doi.org/10.

15406/jbmoa.2018.06.00216

16. House of Representatives Standing Committee on Health, Aged Care and Sport. Report on the Inquiry

into Biotoxin-related Illnesses in Australia. PARLIAMENT OF THE COMMONWEALTH OF AUSTRA-

LIA; 2018.

17. US EPA I. Mold remediation schools and commercial buildings EPA 402-K-01-001. 2008. Available:

https://www.epa.gov/mold

18. Andersen AA. New sampler for the collection, sizing and enumeration of viable airborne particles. J Bac-

teriol. 1958; 76: 471–484. https://doi.org/10.1128/JB.76.5.471-484.1958 PMID: 13598704

19. BioStage(R) Impactor Cat. No. 225–9611. SKC Inc., PA 15330 USA; Available: https://www.skcinc.

com/catalog/pdf/instructions/40083.pdf

20. Bruch MK, Smith FW. Improved method for pouring Rodac plates. Appl Microbiol. 1968; 16: 1427–

1428. Available: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC547672/ PMID: 4877666

21. Mann EE, Manna D, Mettetal MR, May RM, Dannemiller EM, Chung KK, et al. Surface micropattern lim-

its bacterial contamination. Antimicrob Resist Infect Control. 2014; 3: 28. https://doi.org/10.1186/2047-

2994-3-28 PMID: 25232470

22. Pinto F, Hiom S, Girdlestone S, Maillard J-Y. Evaluation of the effectiveness of commercially available

contact plates for monitoring microbial environments. Lett Appl Microbiol. 2009; 48: 379–382. https://

doi.org/10.1111/j.1472-765X.2008.02534.x PMID: 19187502

23. Hayleeyesus SF, Manaye AM. Microbiological Quality of Indoor Air in University Libraries. Asian Pac J

Trop Biomed. 2014; 4: S312–S317. https://doi.org/10.12980/APJTB.4.2014C807 PMID: 25183103

24. Fekadu S, Getachewu B. Microbiological Assessment of Indoor Air of Teaching Hospital Wards: A case

of Jimma University Specialized Hospital. Ethiop J Health Sci. 2015; 25: 117–122. https://doi.org/10.

4314/ejhs.v25i2.3 PMID: 26124618

25. Hayleeyesus SF, Ejeso A, Derseh FA. Quantitative assessment of bio-aerosols contamination in indoor

air of University dormitory rooms. Int J Health Sci. 2015; 9: 249–256. Available: https://www.ncbi.nlm.

nih.gov/pmc/articles/PMC4633188/ PMID: 26609289
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gus Cladosporium halotolerans Survives Humidity Dynamics Markedly Better than Aspergillus niger

and Penicillium rubens despite Less Growth at Lowered Steady-State Water Activity. Appl Environ

Microbiol. 2016; 82: 5089–5098. https://doi.org/10.1128/AEM.00510-16 PMID: 27316968

42. Schultz C. Water activity as related to microorganisms in the manufacturing environment. Gen Intern

Med Clin Innov. 2016; 1. https://doi.org/10.15761/GIMCI.1000133

43. Biango-Daniels MN, Hodge KT. Sea salts as a potential source of food spoilage fungi. Food Microbiol.

2018; 69: 89–95. https://doi.org/10.1016/j.fm.2017.07.020 PMID: 28941913

44. Chew GL, Rogers C, Burge HA, Muilenberg ML, Gold DR. Dustborne and airborne fungal propagules

represent a different spectrum of fungi with differing relations to home characteristics. Allergy. 2003; 58:

13–20. https://doi.org/10.1034/j.1398-9995.2003.00013.x PMID: 12580801

45. Verhoeff AP, van Wijnen JH, Brunekreef B, Fischer P, van Reenen-Hoekstra ES, Samson RA. Pres-

ence of viable mould propagules in indoor air in relation to house damp and outdoor air. Allergy. 1992;

47: 83–91. https://doi.org/10.1111/j.1398-9995.1992.tb05093.x PMID: 1632482

46. Andersen B, Frisvad JC, Søndergaard I, Rasmussen IS, Larsen LS. Associations between Fungal Spe-

cies and Water-Damaged Building Materials!. Appl Environ Microbiol. 2011; 77: 4180–4188. https://

doi.org/10.1128/AEM.02513-10 PMID: 21531835

47. Jansen MLA, Daran-Lapujade P, de Winde JH, Piper MDW, Pronk JT. Prolonged Maltose-Limited Culti-

vation of Saccharomyces cerevisiae Selects for Cells with Improved Maltose Affinity and Hypersensitiv-

ity. Appl Environ Microbiol. 2004; 70: 1956–1963. https://doi.org/10.1128/aem.70.4.1956-1963.2004

PMID: 15066785

48. Aktas YD, Ioannou I, Altamirano H, Reeslev M, D’Ayala D, May N, et al. Surface and passive/active air

mould sampling: A testing exercise in a North London housing estate. Sci Total Environ. 2018; 643:

1631–1643. https://doi.org/10.1016/j.scitotenv.2018.06.311 PMID: 30189579

49. Lee YC, Park CK, Kim MS, Kim JH. In vitro study for staining and toxicity of rose bengal on cultured

bovine corneal endothelial cells. Cornea. 1996; 15: 376–385. https://doi.org/10.1097/00003226-

199607000-00008 PMID: 8776564

50. Broadwater D, Bates M, Jayaram M, Young M, He J, Raithel AL, et al. Modulating cellular cytotoxicity

and phototoxicity of fluorescent organic salts through counterion pairing. Sci Rep. 2019; 9: 15288.

https://doi.org/10.1038/s41598-019-51593-z PMID: 31653966

51. Aryal S. Potato Dextrose Agar (PDA)- Principle, Uses, Procedure & Characteristics. In: Microbiology

Info.com [Internet]. 15 Aug 2019 [cited 19 Jan 2020]. Available: https://microbiologyinfo.com/potato-

dextrose-agar-pda-principle-uses-composition-procedure-and-colony-characteristics/

52. Czapek-Dox Agar. [cited 19 Jan 2020]. Available: https://catalog.hardydiagnostics.com/cp_prod/

Content/hugo/Czapek-DoxAgar.html

PLOS ONE A comparison of several media types to assess outdoor airborne fungi in Melbourne, Australia

PLOS ONE | https://doi.org/10.1371/journal.pone.0238901 December 18, 2020 23 / 25

https://doi.org/10.1186/1471-2458-9-247
http://www.ncbi.nlm.nih.gov/pubmed/19615082
https://www.researchgate.net/publication/228855755_Studies_on_indoor_fungi
https://www.researchgate.net/publication/228855755_Studies_on_indoor_fungi
https://doi.org/10.1128/AEM.39.3.488-492.1980
http://www.ncbi.nlm.nih.gov/pubmed/7387151
http://himedialabs.com/TD/M1881.pdf
https://doi.org/10.1016/s0168-1605%2801%2900449-4
http://www.ncbi.nlm.nih.gov/pubmed/11482568
https://www.sigmaaldrich.com/catalog/product/sial/45435
https://www.academia.edu/25522507/Relative_efficiencies_of_two_air_sampling_methods_and_three_culture_conditions_for_the_assessment_of_airborne_culturable_fungi_in_a_poultry_farmhouse_in_France
https://www.academia.edu/25522507/Relative_efficiencies_of_two_air_sampling_methods_and_three_culture_conditions_for_the_assessment_of_airborne_culturable_fungi_in_a_poultry_farmhouse_in_France
https://www.academia.edu/25522507/Relative_efficiencies_of_two_air_sampling_methods_and_three_culture_conditions_for_the_assessment_of_airborne_culturable_fungi_in_a_poultry_farmhouse_in_France
https://doi.org/10.1016/j.envres.2010.12.005
https://doi.org/10.1016/j.envres.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21215966
https://doi.org/10.1128/AEM.00510-16
http://www.ncbi.nlm.nih.gov/pubmed/27316968
https://doi.org/10.15761/GIMCI.1000133
https://doi.org/10.1016/j.fm.2017.07.020
http://www.ncbi.nlm.nih.gov/pubmed/28941913
https://doi.org/10.1034/j.1398-9995.2003.00013.x
http://www.ncbi.nlm.nih.gov/pubmed/12580801
https://doi.org/10.1111/j.1398-9995.1992.tb05093.x
http://www.ncbi.nlm.nih.gov/pubmed/1632482
https://doi.org/10.1128/AEM.02513-10
https://doi.org/10.1128/AEM.02513-10
http://www.ncbi.nlm.nih.gov/pubmed/21531835
https://doi.org/10.1128/aem.70.4.1956-1963.2004
http://www.ncbi.nlm.nih.gov/pubmed/15066785
https://doi.org/10.1016/j.scitotenv.2018.06.311
http://www.ncbi.nlm.nih.gov/pubmed/30189579
https://doi.org/10.1097/00003226-199607000-00008
https://doi.org/10.1097/00003226-199607000-00008
http://www.ncbi.nlm.nih.gov/pubmed/8776564
https://doi.org/10.1038/s41598-019-51593-z
http://www.ncbi.nlm.nih.gov/pubmed/31653966
https://microbiologyinfo.com/potato-dextrose-agar-pda-principle-uses-composition-procedure-and-colony-characteristics/
https://microbiologyinfo.com/potato-dextrose-agar-pda-principle-uses-composition-procedure-and-colony-characteristics/
https://catalog.hardydiagnostics.com/cp_prod/Content/hugo/Czapek-DoxAgar.html
https://catalog.hardydiagnostics.com/cp_prod/Content/hugo/Czapek-DoxAgar.html
https://doi.org/10.1371/journal.pone.0238901


53. Hendricks CW, Doyle JD, Hugley B. A new solid medium for enumerating cellulose-utilizing bacteria in

soil. Appl Environ Microbiol. 1995; 61: 2016–2019. https://doi.org/10.1128/AEM.61.5.2016-2019.1995

PMID: 16535032

54. Sylvain IA, Adams RI, Taylor JW. A different suite: The assemblage of distinct fungal communities in

water-damaged units of a poorly-maintained public housing building. PLoS ONE. 2019; 14. https://doi.

org/10.1371/journal.pone.0213355 PMID: 30883565

55. Uppala SS, Zhou X-G, Liu B, Wu M. Plant-Based Culture Media for Improved Growth and Sporulation

of Cercospora janseana. Plant Dis. 2019; 103: 504–508. https://doi.org/10.1094/PDIS-05-18-0814-RE

PMID: 30657430

56. Wei C-I, Swartz DD, Cornell JA. Effects of Culture Media, Exposure Time and Temperature on Near-

Ultraviolet-Induced Sporulation of Alternaria alternata. J Food Prot. 1985; 48: 316–319. https://doi.org/

10.4315/0362-028X-48.4.316 PMID: 30943610

57. Chang P-K, Hua S-ST. Molasses supplementation promotes conidiation but suppresses aflatoxin pro-

duction by small sclerotial Aspergillus flavus. Lett Appl Microbiol. 2007; 44: 131–137. https://doi.org/10.

1111/j.1472-765X.2006.02056.x PMID: 17257250

58. Verhoeff AP, van Wijnen JH, Boleij JS, Brunekreef B, van Reenen-Hoekstra ES, Samson RA. Enumer-

ation and identification of airborne viable mould propagules in houses. A field comparison of selected

techniques. Allergy. 1990; 45: 275–284. https://doi.org/10.1111/j.1398-9995.1990.tb00496.x PMID:

2382792

59. Ehrlich J, Bartz QR, Smith RM, Joslyn DA, Burkholder PR. Chloromycetin, a New Antibiotic From a Soil

Actinomycete. Science. 1947; 106: 417–417. https://doi.org/10.1126/science.106.2757.417 PMID:

17737966

60. Leyva Salas M, Mounier J, Valence F, Coton M, Thierry A, Coton E. Antifungal Microbial Agents for

Food Biopreservation—A Review. Microorganisms. 2017; 5: 37. https://doi.org/10.3390/

microorganisms5030037 PMID: 28698479
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