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Abstract: Indoor mold growth has recently become a concerthe legal world in
regards to insurance litigation. Hazardous moldosype to humans has been linked to
many acute and chronic adverse health effects dnmgudeath. As it grows, mold
produces several types of primary and secondaryabuktes, including microbial
volatile organic compounds (MVOCSs). Microbial valatorganic compound emission
may be used as a preliminary indication of a malgstation that is invisible to the
unaided eye. The objective of the study is to idigthe unique odor signatures of three
species of moldsAspergillus versicolor, Penicillium chrysogenum, and Stachybotrys
chartarum by SPME-GC/MS analysis. Determining the compouhds$ are emitted by
the selected species has made it possible to condilidation studies of canine
detection of these mold species through a seriésldftests.
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1. Introduction

Mold spores and conidia are virtually ubiquitougtemding though the air all over the world.
They are often deposited indoors, and, in the iigthdor conditions, mold can flourish and become
a serious problem to the building’s inhabitantse Thost important factor governing mold growth
is moisture conditions. Fungal growth begins at a@ew activity near 0.8 aw, and significant
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guantities of mycotoxins are produced when aw readh95. Mold growth is most conducive
under a scenario where a water intrusion takespldiolds flourish under these conditions, and
upon dry conditions, spores and conidia are retkadispersed and deposited around the building
[1]. It has been reported that there is an assonidbetween human upper respiratory tract
symptoms and damp mold infested buildings [2]. A& feommon genera of indoor molds are
Penicillium, Aspergillus, Alternaria, Stachybotrys, andCladosporium.

Figure 1. Visible mold growth in Florida home.

Mycotoxins are secondary metabolites produced blgsnthat act as a defense against plants,
bacteria, and other fungi. The World Health Orgatian International Agency for Research on
Cancer studied various mycotoxins for their cargamc potentials, and concluded that many were
indeed carcinogenic or cancer promoting [3]. Restatlies in mice exposed to mycotoxin have
shown severe neurotoxicity and inflammation wittiie nose and brain [4]. Molds also produces
MVOCs that are less toxic than mycotoxins. Howesgtudies have shown that children living in
homes with elevated MVOC levels have a higher gexe of asthma, hay fever, and eye irritation
[5]. MVOCs are emitted into the air and can be ialaMore than 500 different MVOCs have
been identified and used to identify hidden soumefingal contamination [6, 7]. The MVOCs
comprising the odor signatures of a given spediesad can vary based on the substrate on which
it is growing [8, 9]. MVOCs are emitted during aliages of mold growth. Some have very low
odor thresholds, where they may be detectable bidad human olfaction. Different MVOCs vary
in toxicity, and one of the most cytotoxic is 1-@tt3-ol [10].

Recently in the United States, interest in the nagtection industry has increased due to an
increased awareness of the possible harmful eftddisiman exposure to toxic indoor molds and
property damage that occurs as a result of a nmésstiation. Preliminary sampling of indoor mold
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can be done by a variety of methods, such as mmeistueters, laser particle counters, IR
thermometers, and air sampling. Most methods useyt involve taking random samples
throughout the building in an attempt to locate $barce of the mold spores. These techniques are
very expensive and time consuming. Though high eotmations of mold may present in buildings,
but because of their oftentimes invisible natumxating the mold is a major problem. It is
important to know the hot spots of mold growth ffoecise sampling and remediation procedures.

Canines have been widely used by law enforcemedtfarensic investigators in detecting
accelerants, drugs, explosives, and human remaingefirs. Dogs have an exceptional sense of
smell due to their increased number of olfactopeptors, allowing them to be specially trained to
smell compounds that are virtually undetectablé&iloypan smell. They are also ideal since they will
work solely for a reward or praise from their handl

The specialized mammalian behavior “sniffing” impes the canine’s olfactory abilities by
causing turbulence in the nasal passages, effgctivereasing transport of the odor molecules to
the olfactory receptors. It is known that detectogs are capable of detecting parts per million to
parts per billion of volatile organic compounds amtent studies have begun to definitively
identify the odor signature chemicals and thresholidcanine detection for a variety of specimens
[11]. This is significant since detector dogs mibstable to detect small amounts of the volatile
organic compounds and move to areas of greatereatnation to find the source. Detector dogs
can also accurately discriminate between targetsodnd similar non-target odors. They can be
trained to alert to one or two of the most abunaalatr components to detect a substance.

In Europe, canines have been trained to detect fioolgiears, but scientific evidence on the
validity of the method is lacking. In the Unitetags, interest in the mold detection industry has
increased greatly in recent years due to an inereaawareness of the possible harmful effects of
human exposure to toxic indoor molds and propeasabe that occurs as a result of a mold
infestation. It has been determined that elevt®¥@®C levels can be a preliminary hint of indoor
mold growth, so canines that are trained to ddteeste compounds should be able to discover
indoor molds that are non-visible [12]. Pendingentfic validation, using canines as a mold
detection method would cut down on cost, time, labdr for the mold detection industry.

2. Methods

Plates of Potato Dextrose Agar (PDA) were prepdoedooth Penicillium chrysogenum and
Aspergillus versicolor. Plates of Corn Meal Agar (CMA) were prepared faachybotrys
chartarum. Growth media was autoclaved at 12C for 15 minutes and plated under sterile
conditions in a Biological Safety Cabinet. To fatlensure the media was not contaminated, plates
were incubated at room temperature for a week besamples were cultured. Samples were
subsequently cultured in triplicate and were intetbat 30 C for one week. The plates were then
examined and purified onto other uncontaminated RDA CMA plates and incubated for another
week at 30 C. Asmall 1 cm x 1 cm piece of mold and agar thes excised from each plate and
aseptically transferred to ¥ liter Mason jars. Sehgars were pre-lined with PDA or CMA, and
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served to allow headspace samples to be takensonveessive weeks while offering the mold a
constant and sufficient supply of a nutrient source

Solid-phase microextraction (SPME) parameters \adjasted through a series of optimization
studies, where SPME fiber type, length of exposam] volume of headspace were varied.
Initially, the volatile organic components wererexted from the headspace of the vials using three
different SPME fiber types: PDMS/DVB (65 pm Stab&f;, CAR/PDMS (75 um), and CW/DVB
(70 um StableFlex). Blanks of all SPME fibers wene before exposure to the sample to eliminate
carryover from previous exposures. Fibers were sagdo the sample for 1, 10, and 18 hours. It
was ultimately determined that CW/DVB StableFlebefis extracted the most compounds from the
headspace at an exposure time of 18 hours, usindfdson jars to house the mold samples. After
exposing the fibers to the headspace ofAggergillus versicolor, Penicillium chrysogenum, and
Sachybotrys chartarum mold samples, as well as mold-free PDA and CMAl®hours, they were
introduced to the GC/MS for thermal desorption andlysis. To test the effect of time on odor
signatures of mold species, tBachybotrys chartarum sample was analyzed using SPME-GC/MS
for three consecutive weeks.

Figure 2. Photograph of initial Solid Phase Microextractapparatus.

A splitless injection was used on an Agilent Tedbges HP5-MS capillary column with a
length of 30 m, an outer diameter of 0.25 mm, afithathickness of 0.2um. Helium was used
as a carrier gas, and had a flow rate of 1 milliteinute. The initial temperature was 40°C, and
that temperature was held for 5 minutes. Nextethreas a 10°C/min increase to 280°C, and then
that temperature was held for 1 minute. The masstsgd data from the resulting chromatograms
was compared to the NIST 1998 library for idenéfion.
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Canine field tests were run with four pre-trainedjsl at the Florida Canine Academy in Safety
Harbor, Florida. TheAspergillus versicolor, Penicillium chrysogenum, and Sachybotrys
chartarum mold samples were placed in separate round pleshtainers with punctured lids to
allow the volatiles to escape. Negative controlsensdso set up which contained no toxic molds.
The field tests were then executed in a doubledblashion with an impartial evaluator to record
all alerts and nonalerts for each dog, accordingpicifications set forth to increase reliabilify o
canine field tests.

3. Results

From the chromatographic data obtained, the resolgate that the odor signatures for
Aspergillus versicolor, Penicillium chrysogenum, and Stachybotrys chartarum are very different.
The CW/DVB fiber successfully extracted 22 knowmpmunds that matched the NIST 98 library
from the headspace dAspergillus versicolor, 19 known compounds from the headspace of
Penicillium chrysogenum, and 29 known compounds from the headspaceStathybotrys
chartarum.

Twenty two collective microbial volatile organicropounds were extracted from the headspace
of Aspergillus versicolor and detected by SPME-GC/MS analysis: arsenous aadfen-3-ol, 3-
octanone, 3-octanol, 1-hexanol, hexanoic acid,gradinitrile, benzene, 2,3-dimethoxytoluene, 2-
undecanone, benzamide, 1-butanol, 2-propenocic acit,4,7,10,13,16,19-heptaoxa-2-
cycloheneicosanone, 1-tridecanol, 2-tridecanondedanoic acid, 2,6-bis(1,1-dimethylethyl)-4-(1-
oxypropylphenol, 9H-fluoren-3-ol, tetradecanoiddam-butyl laurate, and n-hexadecanoic acid.
Compounds detected in the headspace of PDA weteastdd from the list of compounds detected
in the headspace ékpergillus versicolor, as they cannot be proven to be microbial volatitganic
compounds at this time. Table 1 below list the coumuls detected, as well as their retention times
and % peak areas.
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Figure 3. Chromatogram of\spergillus versicolor headspace, CW/DVB, 18 hr exposure.
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Table 1. Compounds detected in headspacaspergillus versicolor on PDA, 18 hour exposure,
CW/DVB (StableFlex), with peak areas and retentiores of each compound.

Compound Peak Area Retention Time
Arzenons acid 0as B.33
1-octen-3-ol 172 1024
3-octanone 07 1055
3-octannol 014 10.57
Ethanol 214 10.84
1-hexannl 014 10.57
Hexanoio acid 052 11.49
Pentaredimtrile n.1s 11 9%
Benzene 193 12 /A2
Fhennl 014 1420
2 3-divethoaortoluene 017 14710
2-undecannne .36 1548
Benzamide 026 1611
1-butanal 058 16897
2-propenoic acid 024 17.10
1,4.7,10,13,16,19-heptaoxa-2- 0aZ 17280
cyclohereicosanone

1-tndecanal 02a 1785
2-tndecanone nng 1815
Cyrelododecare 0.1z 1857
Diodecanoic acid 09s 1590
2,6-bas(1,1-dirnetboletberly-4-(1- ooy 19 88
oxypropyliphencl

Cyclotetradecane .26 2025
OH-flnoren-3-al 016 2080
Tetradecanoic acid 0.5a 2114
t-baty] laurate 0.53 21.44
n-hexadecanoiz acid 07z 22149
t-butyl rymstate 041 23,44
Hexadecanoie acid (1.40 4531

Similarly, a variety of compounds were observednfrthe headspace of theenicillium
chrysogenum, as shown in Figure 4. Nineteen collective micrblmalatile organic compounds
were extracted from the headspacePenicillium chrysogenum and detected by SPME-GC/MS
analysis: arsenous acid, 1-methoxycyclohexanenfurdexanol, nonanal, hexanoic acid, benzene,
naphthalene, l-undecanol, oxirane, cyclododecaodeadnoic acid, butyl caprate, 1-docosene,
tetradecanoic acid, Z,E-2-methyl-3,13-octadecadieh- n-butyl laurate, 1-heptadecanol, and
1,4,7,10,13,16,19-heptaoxa-2-cycloheneicosanormmpdunds detected in the headspace of PDA
were subtracted from the list of compounds detectede headspace &enicillium chrysogenum,
as they cannot be proven to be microbial volatiiganic compounds. Table 2 below list the
compounds detected, as well as their retentionstiamel % peak areas.
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Figure 4. Chromatogram dPenicillium chrysogenum, CW/DVB, 18 hour exposure.

Table2. Compounds detected in headspacBeni cillium chrysogenum on PDA, 18 hour
exposure, CW/DVB (StableFlex), with peak areasratehtion times of each compound.

Compound Peak Area Retention Time
Lirsenons arid 0.43 6.3y
1-methoxreseloheane 023 174
Furan 0.16 104z
1-hexanol 0.39 11.21
Honanal 0.24 12.56
Hezxanow acid 3.33 1291
Benzere 1.0& 134l
Haplthalere 0.12 1392
l-undecarnnl 015 16.55
Charane 121 1713
Cyelododecane 0.4l 1725
Diodecaroic acid 0.22 15 22
Pherinl 0.22 19.04
Butyl caprate 0.2 1941
l-docosene 015 19.d=
Cyelotetradecane 013 2025
Heptadecans 013 20.50
Tetradecanoic acid 0.3z 21.14
£, E-2-methyl-3,13-octadecadien-1-0l 0.10 2127
bty lanrate 0.4 2143
1-heptadecanal 0.13 2242
t-butyl rymistate 0.41 2345
1,4,7,10,13,16,19-heptaoxa-2- 0.10 2331
cyclohenelcosanone

Hezxadecanoic acid (e 2530

Twenty nine collective microbial volatile organioropounds were extracted from the
headspace oftachybotrys chartarum, as shown in Figure 5: benzyl alcohol, cycloprapan
nonanal, hexanoic acid, benzene, 1,3-pentanedicttica acid, nonanol, ethanol, decanal,
benzothiazole, nonanoic acid, 1-undecanol, teteuecdiphenyl ether, oxirane, cyclotetradecane,
2,5-cyclohexadiene-1,4-dione, 1-pentadecene, cgdiechne, benzoic acid, n-nonylcyclohexane, 1-
heptadecene, methyl pentadecyl ether, n-butyl faumctadecane, cyclohexadecane, hexadecanoic
acid, and octadecanoic acid. The compounds fautitkei headspace of Corn Meal agar alone were
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subtracted from the composite list of compoundsnéoun the headspace dtachybotrys
chartarum, as they cannot be credited as metabolites ofntbéds. Table 3 below list the
compounds detected, as well as their retentionstiamel % peak areas.
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Figure 5. Chromatogram o®tachybotrys chartarum, CW/DVB, 18 hr exposure, week 3

Table 3. Compounds detected in headspac8adhybotrys chartarum on CMA, 18 hour exposure,
CW/DVB (StableFlex), with peak areas and retentiores of each compound.

Compound Peak Avea Retention Time

Styrene 027 842
Benzerne 0.2é ® 0
3-carene 1.00 11.1%
1-hexanol 115 1126
Hexanoie acid 01 11.53
Tndecane 0.19 12.53
1H-indene 0.1a 1392
Diodecane 0.12 14.13
Tridecane 0.18 1559
l-propens 0.14 15250
1,2 4 methenoazulenes 0.20 1675
3-tetradecane 068 1695
Tetradecanal 041 1702
drane 027 17.19
1,4 methanoazulene 0.53 1722
Pentatnacontane 0.45 1774
Cyrelododecans 0.19 1E a0
r-nonyleyclohexane .22 laaa
1-H-2-benzoprran-1-one 1.1% 15593
FPhennol 1.00 1909
1-hexadecene 0.a7 1932
Hexadecane 0.26 19.40
Cyelotetradecane 0.26 19 6a
Heptadecans 0.44 2053
Pentadecare .22 2080

Octadec-22-enol 0.15% 2131
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The time study experiments analyzing the headspBS&achybotrys chartarum was run for
three consecutive weeks. Twenty-seven known comgwwere identified from the headspace of
Stachybotrys chartarum samples using CW/DVB SPME fibers and an exposaore of 18 hours.

Table 4. The Effect of Time on MVOC composition 8fachybotrys chartarum

Week One

Week Two

Week Three

1-H-Z2-Benzopyran-1-one

1,47, 1013 16 19-Heptaoxa-2-cydoheneicosanone

1.2 3 methenoazulene

1H-Z-Benzapyran-1-one

1. dmethanoa=ulenes

1-hexanol 1H-Z-Benzopyran-1-one
1-nonadecens 1-hexadeczne
Benzene 1-hexanal
Cyclododecane 1-Propene
Cyclooctane J-carens
Heptadecane 3-tetradecene
Hexadecane Benzene
n-butyl laurate Cyzlododecane
Oley alcohol Cyzlotetradecane
Oxirane Lodecane
Fhenal Heptadecane
Hexadecane
Hexanoic acd
Mapthalene

n-Homdoyclohexane

Octade 92 anol

Oxirane

Fentadecanea

Fentatiacontane

Fhenol

Styrene

Tetradecanal

Tridecans

Undecane

The field test data show that the canines sucdgssfiert to thein vitro toxic mold samples,

with a slightly lower accuracy than previous tebktsse shown canines alerting to the mold-
inoculated pieces of drywall that were used foirttraining. From the canine field tests, nine of
the twelve positive controls grown in the laborgtavere alerted to by the four new canines tested.
Canine # 1 alerted to 66.6% of the positive cosfrolissing one. Canine # 2 alerted to 100% of
the positive controls. Canine # 3 alerted to 33d%he positive controls, missing two. Canine # 4
alerted to 100 % of the positive controls. Talemnd 6 show accuracy statistics in terms of each
positive control and each canine tested.

Table5. Results from canine field tests on May 5, 200%irms ofin vitro toxic mold sample
positive controls. Numbers in the Alert and No Alslumns denote which canine elicited the
respective response to each mold inoculated drytveafliing aid positive control.

Positive conirok Alert No Alert Y detected
Shachyholrys charfaram on ChIL 6,72 ] 15
Asperpillus versicolor on PD A 56,2 7 5%,
Pemicillium chrysogenum on PDA 56,8 7 15
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Table 6. Results from canine field tests on May 5, 200&irms of individual canines’
performances. Numbers in the positive control coludanote which positive controls were
detected by each canine; numbers in the falseiypesiand misses columns denote the number of
false positives and misses for each canine asaséetie hide numbers that elicited each response.

Percentage of
Cani Positive conirols positive False Misses
deiecied conirols positives
detected

5 23 66T 0 1:1

& 1,23 100%% 0 0

1 1 3330 0 2:23

a 1,2,3 100 0 0

4. Conclusions

These experiments show that canines can effegtidetect active odor components of
various indoor mold species. By using SPME-GC/M&lgsis, detection of the MVOCs emitted
from three toxic indoor mold®enicillium chrysogenum, Aspergillus versicolor, andSachybotrys
chartarum was established. The distinctiveness of volati@medary metabolite production of these
species could be estimated by this technique as Wak mold detection research is important, as
canine trainers can use the compounds isolatedifouthis study to ensure the canines are being
trained on the correct odors being emitted frons¢hexic molds.

Some microbial volatile organic compounds were mamm amongst the three species. 1-
hexanol, hexanoic acid, and benzene were extracted the headspaces of all three species
analyzed. Arsenous acid, dodecanoic acid, teteamec acid, n-butyl laurate and
1,4,7,10,13,16,19-heptaoxa-2-cycloheneicosanone watracted from the headspaces of both
Aspergillus versicolor andPenicillium chrysogenum. Oxirane was extracted from the headspaces of
both Penicillium chrysogenum and Stachybotrys chartarum. Even amongst these commonly seen
compounds, there is a great difference in the pérpeak areas detected between these three
species. Knowledge of the similarities and diffees of the odor signatures of various toxic
indoor mold species is very significant and uséfuthe improvement of existing canine training
aids. Figure 6 below illustrates the differencasthe percent peak areas of these common
compounds.
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Figure 6. Percent peak areas of common compounds foundhitishaces oAspergillus versicolor,
Penicillium chrysogenum, andStachybotrys chartarum, CW/DVB, 18 hour exposures

The detection of changes in MVOCs composition frima headspace of a toxic mold
species over time is a significant finding. If theéor signatures of the molds change significantly
over time, training methods may need to be modifeedccount for changes in composition. The
results from the experiments of the effect of time the Sachybotrys chartarum MVOC
composition are conclusive. One compound, 1-H-2zBpgran-1-one, remained in the headspace
for the three successive weeks. Seven compoundsirredhin the headspace for the second and
third weeks of the experiments: 1-H-2-Benzopyramng; 1-hexanol, benzene, cyclododecane,
heptadecane, oxirane, and phenol. With the exaeptib 1-H-2-Benzopyran-1-one, all other
common compounds observed in the second and theeksvof headspace analysis increased in
abundance from the second to the third week of troWwhe effect of time orAspergillus
versicolor andPenicillium chrysogenum MVOC compositions are less conclusive, as analgges
not yield any identifiable compounds from the hgade for both species at some point in the three
weeks.
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Figure 7. Canine # 4 alerting to a sample at the FloridailgaAcademy.

This study demonstrates that canines can detectdtory cultured toxic indoor molds at a
75% accuracy. This is significant, as these camameshot trained on molds grown in vitro on agar
media, but rather pieces of mold-inoculated dryw#revious studies have concluded that canines
trained at the Florida Canine Academy can detedd+imoculated drywall training aids at a 94%
accuracy [13]. Although they did not detect motgtewn in vitro on agar media with the same
percent accuracy as the results of mold-inoculdtgdall training aids studies have shown, they
detected the majority of the laboratory culturexidanold positive controls in the course despite
any differences in metabolites produced by the mdidesting the alternate substrate with which
they were trained. Findings of this research aregoased to validate the canine training methods
used for their detection and may be used to imptiogaletection of toxic indoor molds.
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