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Health in New Zealand'’s leaky buildings

The quality of our indoor environment is a significant
determinant of our quality of life. As we spend around
90% of our lives indoors, these spaces naturally influ-
ence our wellbeing, with warm, dry homes free of nox-
ious agents being conducive to good health." Con-
versely, poor quality housing has been consistently
linked with poor health outcomes, with over thirty
years of research evidencing a robust positive correla-
tion between living in cold, damp, mouldy housing and
the development of respiratory disorders.>* Such dis-
~ orders result in 4 million premature deaths annually,
yet despite widespread attention, the exact mecha-
. nism by which these environments give rise to respira-
tory illness remains to be elucidated.*”?

New Zealand has notoriously poor housing stock with
regards to damp and mould. Unsurprisingly, this corre-
lates with a high incidence of respiratory disorders,
and in 2015 alone the wider cost of respiratory disease
in NZ was estimated to be $7.05 billion."" Some of
the worst examples of this housing stock have been
exemplified through our ‘leaky buildings’ (or ‘leaky
homes') crisis, which developed through the construc-
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tion of buildings with weathertightness issues from
the 1990s through to the mid-2000s. Subsequent
moisture ingress into timber framing and wallboard
resulted in widespread fungal growth, with many
anecdotal reports of respiratory & other illness that
occupants believed to be linked to living in their now
damp and mouldy homes."? The impacts of the result-
ing leaky building crisis range from the substantial
economic losses, estimated to be over $11.3 billion to
date, through to mental health, with affected home-
owners being driven into suicide, marriage breakups,
anxiety and depression."™® |t may seem clear that
something in these houses is making people sick, but,
as with the thirty-plus years of research into damp,
mouldy housing and respiratory illness in general, ex-
actly what agent or agents are responsible for such
building-related illness (BRI) remains a mystery.

In studies of housing quality and respiratory health,
the strongest correlations to illness are the presence
of active leaks and dampness, the presence of visible
mould, and the presence of mould odour.?* It is unsur-
prising then that fungi and the bioactive secondary
metabolites they produce - mycotoxins - continue to
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be the one of the most often proposed and studied po-
tential causal agents of BRI. In 2002, the landmark
Hunn report commissioned by the NZ Government
into the leaky homes crisis was published.” With con-
cern surrounding the potential health effects of mould,
it recommended an investigation into the health risks
associated with fungal decay in these buildings.

In a survey of wet rots in NZ's water damaged build-
ings, the most commonly identified microorganism
was the notorious Stachybotrys chartarum, which pro-
duces some of the most potent mycotoxins yet discov-
ered - the macrocyclic trichothecenes (MCTs). Selected
MCTs [satratoxins G & H (SATG & SATH), roridin E
(ROE)] and the ‘pendant’ variant roridin L2 (ROL2) are
shown in Fig. 1. Depending on sampling methods
and the source of data, S. chartarum in NZ's leaky
buildings may be found in anywhere from 49% to 77%
of water-damaged building materials, in 20-45% of air
samples from indoor locations with ‘elevated’ spore
counts (c.f. outdoor levels), and in 13% of tape-lift
samples (targeted sampling of buildings with sus-
pected mould contamination, although this is a poor
method for detecting S. chartarum).*” In light of the re-
ports of illness, the particularly high potential toxicity
of this mould and its high prevalence, a second major
leaky homes inquiry commissioned by the NZ Govern-
ment in 2003 specifically recommended an investiga-

tion into “the extent of the Stachybotrys problem”.™

SATG SATH ROE

Fig. 1. Key trichothecenes (KTCs) produced by S. chartarum, including the

acute idiopathic pulmonary haemorrhage cases in in-
fants in Ohio around 1993."% |nitial investigations sug-
gested that a high level of S. chartarum in the water-
damaged homes of the infants may have been the
cause of illness. However, expert review later described
significant methodological shortcomings in the inves-
tigation, concluding that no causal link between
mould infestation and the observed respiratory symp-
toms could be established.’™®2°22 Despite this critical
review, the case lead to a public health hysteria con-
cerning ‘toxic black mould’, resulting in a significant
controversy around mycotoxin-induced BRI that con-
tinues to this day."e™®?7

Although space precludes an in-depth discussion of
this controversy, a significant body of research has
demonstrated both plausible routes of exposure via in-
halation and established mechanisms of injury at
achievable doses for S. chartarum in a BRI context. For
example, toxigenic particles from S. chartarum can be
aerosolised, are found in air samples of infested build-
ings, are respirable and contain mycotoxins.®32 En-
zyme-linked immunosorbent assay (ELISA) has been
used to detect both S. chartarum mycotoxins and anti-
bodies to these toxins in exposed people, suggesting
that they do enter the body, and of particular concern
are the presence of these toxins on highly respirable
sub-micron particles.*3¢ S, chartarum fungal frag-
ments - pieces smaller than spores - may reach air-
borne concentrations over 500 times that
of spores, and computer modelling sug-
gests that respiratory deposition of these
fragments may be over 200 times greater
than that of spores.®®¥ Thus, finding
ROL2 spores on air sampling may indicate expo-
sure to a relatively larger concentration of

MCTs satratoxins G & H and roridin E, and the non-macrocyclic roridin L2

Toxic black mould

S. chartarum (historically S. atra) came to prominence
in the late 1980s, where it had been known as a con-
taminant of animal feed and was subsequently recog-
nised growing in water-damaged buildings.™"?'In agri-
culture the trichothecenes had earlier been established
as the cause of stachybotryotoxicosis, an illness char-
acterised by radiation sickness-like symptoms and
sometimes leading to death in the animals and farm
workers exposed to Stachybotrys contaminated hay.”
The later notoriety of S. chartarum in a building con-
text stems largely from its connection to a cluster of

toxigenic particulates.

While studies suggest that the most potent MCTs are
rapidly absorbed, distributed and metabolised, they
tend to concentrate in specific cell types such as alveo-
lar macrophages, and as the concentration of toxin at
the site of deposition in the lungs will be greater locally
than systemically, the environmental exposure re-
quired to cause local cellular injury will be lower than
that required to achieve acute systemic toxicity.?38-4°
Inhalation of both S. chartarum spores and fungal frag-
ments induces pulmonary arterial remodelling in a
murine model, while doses of MCTs based on toxin
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concentrations in the air of contaminated buildings
were found to cause damage and inflammation in neu-
ral cells such as astrocytes, neurons and those of the
blood-brain barrier, which may further facilitate the
infiltration of toxic substances generally into the cen-
tral nervous system.?-* Intranasal installation of these
potent MCTs causes olfactory neuron loss in both mice
and monkeys, with repeated smaller doses of the tox-
ins producing cumulative damage equal to or greater
than the sum given as a single larger dose.?*** As it is
established that chronic exposure to sub-acute-effect
levels of mycotoxins via food can cause population-
level increases in illnesses, so this research highlights
the potential for harm from low-level chronic expo-
sure to S. chartarum trichothecenes in the built envi-
ronment.*4¢

Despite this evidence, the effect of S. chartarum tri-
chothecenes on respiratory health remains equivocal.
Some research finds no significant effect from S. char-
tarum exposure, while trichothecenes are likely not
the only component in S. chartarum, and fungi in gen-
eral, that may contribute to such disorders.*” For ex-
ample, research indicates that proteinaceous compo-
nents may also cause or contribute to the observed bi-
ological responses, and there may be a multi-factorial
aetiology as in many diseases.***° However the notori-
ety of the trichothecenes and the unanswered ques-
tions around their health effects demand more re-
search in order to expose exactly what role they play in
the health of our leaky building occupants.

Is toxic black mould making leaky building occu-
pants sick?

In response to the recommendation of the Govern-
ment inquiry, the relationship between the prevalence
of S. chartarum mycotoxins in our
leaky buildings and the adverse respi-
ratory symptoms reported by occu-
pants is being investigated.*® To this
end, a matched case-control study
will be conducted comparing the lev-
els of trichothecenes in house dust H
swabbed from surfaces and flooring

Swabbed house dust sample

observed high prevalence of S. chartarum in our leaky
buildings, low levels of respirable trichothecenes may
be present with significant frequency, and in consider-
ation of research demonstrating a plausible route of
exposure and mechanism of injury, that low-level
chronic exposure to these mycotoxins may be con-
tributing to the prevalence of respiratory disorders re-
ported by leaky building occupants. In order to con-
duct this study, a comprehensive measurement of the
mycotoxins present is required, for which three ana-
lytical measures are proposed.

Firstly, the collected dust samples will be subject to a
semi-quantitative screen for over 300 microbial sec-
ondary metabolites utilising high-performance liquid
chromatography-tandem mass spectrometry (HPLC-
MS/MS) to give information about general microbial
toxin exposure.” Secondly, the samples will be hydrol-
ysed to convert the majority of trichothecenes pro-
duced by S. chartarum into the parent diol, verrucarol
(VER, Fig. 2) which will be quantified by an ultra-sensi-
tive, isotope-assisted, gas chromatography-mass
spectrometry (GC-MS) method, giving a measure of
‘total’ trichothecene exposure. Thirdly, where tri-
chothecenes are found, quantification of four key tri-
chothecenes (KTCs) - SATH, SATG, ROE and ROL2 (Fig.
1) - will be completed by HPLC-MS/MS. These KTCs
represent two of the most potent MCTs (SATH &
SATG) and two chromatographically useful proxies for
total trichothecene production (ROE & ROL2). While
the initial wider microbial toxin screen will be con-
ducted by collaborators in Vienna using established
methodology, the research currently proposed here
focuses on the development of the ultra-sensitive GC-
MS method for quantification of total trichothecene

Y HPLGMS/MS 300+microbial secondary
metabolites for wider toxin
exposure
2) Hydrolysisthen
GGVS
VER as proxyfor “total”
IVERAe trichothecene exposure
samplesonly
HPLCIMIS/VIS

: 0 H H
)
\Cllil\ Hydrolysis returns parent diol from )
. . . £ most trichothecenes in S. chartarum 2
against measures of specific respira- ; o » on
/

tory symptoms in 100 defined leaky S RY

homes and 100 COI’\tI’Ol homes ThiS Core structure of most S. chartarum trichothecenes
: R

verrucarol (VER)

, R'=H, alkyl, macrocycle etc.

research hypothesises that with the Fig. 2. Proposed analytical approaches to measurement of mycotoxins
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exposure and the development of the HPLC-MS/MS
method for the quantification of KTCs.’

Stachybotrys chartarum & the trichothecenes

S. chartarum has been proposed through chemotaxo-
nomic and genomic analysis to comprise three taxa - S.
chartarum chemotype (ct.) S, producing the highly po-
tent macrocyclic trichothecenes (Fig. 1), S. chartarum
ct. A, producing atranones and dolabellanes (Fig. 3),
and S. chlorohalonata, which also produces atranones
and dolabellanes but which was sufficiently different in

morphology and genetics to 00"

HO
have a unique classification \oo ’
proposed.?*54 A recent genetic c
analysis of satratoxin and atra- gresefulvin
none producing S. chartarum
has suggested that these can be N
represented by three geno-

stachybotrychromene B

types; S, which contains the re-

OH

quired gene cluster for satra-
toxin production but not for
atranone production, A, which
contains the gene cluster for
atranone production but not
for satratoxin production, and
H, which contains the cluster
for atranone production in ad-
dition to an incomplete set of

[¢]
chartarlactam Q: Ry ==0, R; =H
chartarlactam R: Ry = OAc, R, =H
chartarlactam S: Ry = OH, R, = OH

satratoxin producing genes.*

S. echinata (previously Mem- gachybotrys
noniella) grows in the same en-

vironments as S. chartarum and produces its own my-
cotoxin profile including simple trichothecenes but in
which the metabolite distribution is dominated by
griseofulvins (Fig. 3).22%%¢ The true genetic diversity of
Stachybotrys remains a matter of debate, and the
plethora of compounds it produces is far from extin-
guished. It may currently comprise perhaps seventy-
four species and novel bioactive compounds continue
be the

botrychromenes and a large number of spirocyclic

to reported. These include stachy-
phenylspirodrimane derivatives; the stachartarins,
stachytbotrysins, bistachybotrysins, stachybochartins,

chartarolides and chartarlactams (Fig. 3).5¢¢3

Over 200 trichothecenes have been identified from a
variety of natural sources.®* They are commonly
grouped into four types, A, B, C and D, based on the

atranone A:R=H
atranone B: R = OMe
atranone I: R = OH

functionalisation of the core 12,13-epoxytrichothec-9-
ene (Fig. 4).° Type A trichothecenes are characterised
by the presence of either hydroxyl or ester groups at
C8, for example in T2, or by lack of substitution as in
VER, diacetoxyscirpenol (DAS), trichodermin (TRDM)
and trichodermol (TRID) (Fig. 4). Type B have a ketone
at C8, for example nivalenol (NIV) and deoxynivalenol
(DON), while type C have a C7-8 epoxide such as in cro-
tocin (Fig. 4). Type D trichothecenes contain a macro-

cyclic ring structure between C4 & C15 as in SATG,
SATH and ROE (Fig. 1).

atranone D: S A
atranone E: R

HO,

.....

stachybotrysin A: Ry = CH3, R, = OAc, R; =H
stachybotrysin B: Ry = CH,0H, R, = OAc, R; = H
stachybotrysin C: Ry = CH,0H, R, = OAc, R; = -OH
stachybotrysin D: Ry = CH,0SO3H, R, = OH, Ry =H

stachybochartin F

stachybotchartin A: Ry 3= OH
stachybotchartin B: Ry = OAc, R, = OCH;

bistachybotrysin W: Ry = OAc, R, = OH
bistachybotrysin X: Ry = OH, R, = OAc
bistachybotrysin Y: R; = OAc, R, = OAc

Fig. 3. A selection of non-trichothecene secondary metabolites produced by

The trichothecenes produced by S. chartarum include
the type D MC(Ts; satratoxin F, SATG, SATH, isosatra-
toxins F, G & H, ROE, and verrucarin B & ] (VEB, VEJ),
and the ‘pendant’ type A trichothecenes - non-macro-
cycles esterified at one or both of C4 & C15; ROL2 (Fig.
1), trichoverrols A & B (TVLA, TVLB) and trichoverrins A
& B (TVNA, TVNB) (Fig. 4).5%%¢¢” Hydrolysis of the C4
and C15 esters in these trichothecenes returns the par-
ent simple trichothecene diol - VER - the total synthe-
sis of which, as the racemate, was first reported in
1982.%8%° QOther notable trichothecene producers in-
clude the agriculturally-relevant plant pathogens
Fusarium and Myrothecium, a toxic mushroom from
Japan, Podostroma cornu-ame, and the only known
plant sources Baccharis sp. and Holarrhena sp., al-
though the source in plants may yet be found to be a
co-occurring fungus.4¢770-72
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chothecene.” In this scenario,

Type A

HO |
HO

nivalenol: R = OH

deoxynivalenol: R = H

attack from the 9-ene system is
suspected to be prevented by
its protonation, and the pres-

ence of a 4,15-macrocycle does

HO
trichoverrin A: OH = S

trichoverrin B: OH = R

not prevent rearrangement.’

04) Matrix effects in mycotoxin
crotocin

) analysis

HO'

trichoverrol A: OH=§
trichoverrol B: OH=R

OH
satratoxin F
isosatratoxin F

trichodermol: R=H
trichodermin: R = COCH;

The benchmarks for routine,
Type D

0w sensitive and accurate quantifi-

: O
0
E o
g (o]
o’ )
0%=<\/0 I
2 3
o

verrucarin J
verrucarin B: 2' ,3' = epoxide
J

cation of mycotoxins in the en-
vironment are HPLC- & GC-MS
based analyses. A major con-
cern in their application is the

presence of so called matrix

Fig. 4. Representative trichothecenes of each type. The stereochemistries
of satratoxin F & its presumed epimer isosatratoxin F remain unresolved.®

The chemistry of the MCTs, focusing on the macrocy-
cle, has been the subject of a comprehensive review by
Grove (1993).7 Key reactivities include the base-catal-
ysed hydrolysis of the C4 & C15 esters and the acid
catalysed rearrangements

of the 12,13-epoxide
(Scheme 1). In weakly
acidic media, rearrange-

KOH / EtOH
RT, 4 hrs

ment gives a 10,13-cyclotri-
chothecane, presumably
via protonation of the ter-
minal 12,13-epoxide fol-
lowed by attack by the
9,10-alkene to form a

bridge with concomitant

addition of water at the
centre*  The
the tri-
chothecene core to undergo this rearrangement is

VER
Scheme 1. Representative base hydrolysis and acid-catalysed rearrangements of the core
trichothecene structure

tertiary
propensity for

modulated by the functionality of the ring system. For
example, substitution of OR at C8 prevents this re-
arrangement, likely by reducing the nucleophilicity of
the 9,10-alkene or by sterically hindering its attack on
the epoxide. The presence of a 4,15-macrocycle also
prevents such a rearrangement, probably through
conformational effects. In strongly acidic media, e.g.
10 M HCl or HClL in DCM, an alternative acid-catalysed
rearrangement can occur via attack of the 1,2-CO bond
on the protonated epoxide to give an apotri-
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10,13-cyclotrichothecane

effects (MEs); analyte signal en-

hancement or suppression
caused by other components of the parent material
the analyte was extracted from (the ‘matrix’), which
cause the instrument to over- or under-report the ac-
tual analyte concentration. MEs can be divided into

two types - effects which affect the slope of a concen-

10 M HCI or HCI (g / DCM

H20, pH =5 RT, 24 hrs

OH
OR'

s

RO OR’

chloroapotrichothecene

tration / response curve (rotational effects), caused by
other components of the matrix proportionally affect-
ing the ionisation of the analyte, and those which
affect the intercept but not the slope of a curve (trans-
lational effects) due to a high background / baseline
interference (Fig. 5). Three main techniques are used
to overcome matrix effects in quantification using MS:
matrix-matched calibrations, standard addition, and
stable-isotope labelled internal standards.”
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Matrix-matched calibration uses an external calibra-
tion curve prepared in the same or a very similar matrix
to the sample. In theory this applies the same MEs to
both the calibration and analyte, but it does not cor-
rect for inefficiencies in sample extraction or losses
during processing. The success of this approach is re-
liant on how well matched the calibration and sample
matrices are, and it ideally uses both a blank matrix
and a separate calibration curve for each unique sam-
ple matrix, a requirement which can significantly in-

Translational effect
changesintercept

i

Actual response
(no matrixeffects)
I I I I I I I
0 1 2 3 4 5 6
Concentration of analyte
Fig. 5. Rotational & translational matrix effects

Instrument response

crease the number of analyses conducted when the
matrices vary between samples. Standard addition in
contrast attempts to correct for MEs by effectively cre-
ating the calibration curve within the sample through a

series of standard additions of the analyte. In simple
Standards
addedto

sample

terms, by constructing
a curve using the data
of the known additions
the
slope, the background

and calculating

concentration of the
analyte can be obtained

Rotational effect
changes slope

Adding a known amount of internal standard (ISTD) to
samples before processing can overcome MEs if the
ISTD has the same response to processing and instru-
mental analysis as the analyte. The ideal standard in
this approach therefore has exactly the same chemical
properties as the analyte. When MS is used as a detec-
tion method, this is possible by using a stable isotope
(SI) labelled analyte as the ISTD - chemically identical,
yet distinguishable upon MS detection due to its mass
difference. This approach is known as stable isotope di-
lution analysis (SIDA, Fig. 7). As the
amount of Sl labelled ISTD (SI-ISTD) is
known prior to analyte extraction, the ra-
tio of SI-ISTD to analyte found via MS gives
the analyte concentration with compen-
sation for both MEs and processing
losses.””® SIDA represents the gold stan-
dard in the analysis of mycotoxins in the
environment, generally giving excellent
quantification of analyte recovery with a
very low limit of quantification (LOQ) and
limit of detection (LOD).”

The main challenges facing SIDA include the stability
of labelling and isotope effects (IEs). For example, deu-
terium placed at labile sites can participate in 'H/?H ex-
change resulting in loss of label, while the mass differ-
ence of isotopologues can result in slightly different re-

Response at zero
addedanalyte

—

-
[l

-

Instrument response

XXpg
analyte

(Fig. 6). This approach

e

Sample processing, -

Chromatography & Mass spec. f T T T T T T

does not require a

blank matrix but sev-

Dust sample

eral standard additions
are normally required

3 ! ¢ 1ovf ¢ ddaed
,<=> Conc.of analyte a

Background
concentration of
analyte

Fig. 6. The standard addition method workflow

for each sample, multi-

plying the number of samples to be analysed. Both of
these methods still require considered application, as
although they correct for rotational effects they do not
necessarily correct for translational effects.” Such
translational effects must additionally be managed
through appropriate sample preparation.

tention times in GC or HPLC, or changes in fragmenta-
tion patterns.” This effect is most notable with 2H as
opposed to with C or ®N labelling as the relative
change in mass to the nucleus is significantly greater.
IEs can be minimised by only introducing one or two la-
bels, however sufficient difference in mass between an-
alyte and SI-ISTD, ideally = 3 Da, is desired to avoid
spectral overlap in the mass spectrum resulting from
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naturally occurring isotopologues of either the SI-ISTD
or analyte inflating the signal of one another.’8%°

Isotope assisted trichothecene quantification

The SIDA analysis of trichothecenes in the environ-
ment is dominated by measuring simple agriculturally
relevant trichothecenes such as DON and NIV in food
and biological fluid due to their established health
risks. In this context, the use of SIDA is increasing in
order to meet food production regulations and more
accurately track mycotoxin exposure in populations.
Due to this demand, Sl-labelled standards of agricul-
turally relevant trichothecenes are becoming more
widely available and utilised, and this has enabled the
development of highly sensitive analyses in previously
challenging matrices.

belled C15 carbinol. Deacetylation then gave 15-[*H.]-
DON. An analysis of fragmentation patterns via MS
gave the authors confidence that the chemically feasi-
ble mono-labelling at the C15 primary alcohol would
be sufficient for use as an SI-ISTD. With only a single
mass unit difference, some spectral overlap was found
in the mass spectrum, however, these effects were ad-
equately managed through mathematical correction.

The same authors had also previously prepared [*H,]-
3-Ac-DON through mono-[*H,]-acetylation of DON.*
McMaster recently also used SIDA with a singly
deuterated [*H,]-DON in a GC-MS method to quantify
DON in 196 sorghum samples, after a traditional non-
Sl assisted method produced inconsistent recoveries.®
The SIDA method found more samples exceeding the
FDA regulatory limits than the traditional method, in-

3Da.difference cluding thirteen that would
N have otherwise passed the
s Nooverlap -response . .
SHabelledinteral 2 for 2igSHSTDdirectly 1.0 ug g' advisory limit un-
standard addedto g comparedto analyte .
sample 2] response der the non-SI assisted
e (= E— method, and six that would

80 8 84 & &

have otherwise passed the
0 92 94 % B

5.0 ug g " advisory limit.

lXxug I Sample processing, n 1Da.difference Spectral overlap resulting
% analyte Chromatography & Mass spec. .
— from the small mass differ-
L]
é__ Responsefor 2 gSk ence of the analyte and
Dustsample g ISTDoverlaps with
£_] analyte response— standard was observed but
£ deconvolution . N
g necessary was again mitigated
through mathematical cor-
TTTTTTTITTTTTTITITTI

80 8 84 8 8

0 2 9% % B rection.

Fig. 7. Simplified SIDA workflow. An insufficient mass difference between standard and

analyte can cause isotope overlap, requiring mathematical correction.

Commercially labelled standards are typically fully *C
labelled, although as noted this could lead to undesir-
able IE, while laboratory-prepared standards are often
labelled through facile synthetic steps at just a few
sites, e.g. a single deuteration or the introduction of
two ®BC through acetylation with an Sl-labelled
reagent (Fig. 8). For example, in a report of a SIDA
method for the detection of type-B trichothecenes,
Bretz et al. prepared deuterated DON (15-[°H,]-DON)
by semi-synthesis from its natural precursor 3-acetyl-
DON (3-Ac-DON).®" With the SI-ISTD, they were able
to mitigate MEs in the HPLC-MS/MS analysis of DON
in food samples. Labelling was carried out by oxidising
the C15 primary alcohol of 3-Ac-DON to an aldehyde
and reducing this with NaB’H, to return the °H, la-
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In another example of facile
labelling, Asam et al. reported on the use of ®C la-
belled ISTDs in the HPLC-MS/MS analysis of type-B tri-
chothecenes in food.?* The authors stated that the ac-
curacy of MS analysis for these compounds had been
restricted by the lack of an SI-ISTD, and noted that re-
search using a chemically related surrogate would
have suffered from MEs and variation in extraction
efficiencies. Three ™C labelled trichothecene stan-
dards, [*C,]-3-Ac-DON, [*C,]-15-Ac-DON, and [*C ]-4-
Ac-NIV, were prepared by ®C -acetylation of the com-
mercially available deacetylated precursors. The stan-
dards were found to be isotopically stable at pH 3 & 7
over 2 days. This was an advantage over the previously
synthesised *H-labelled [*H,]-3-Ac-DON by Bretz et al.
where the location of the ?H label in the acetyl group
could undergo H/?H exchange during sample clean-
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['3C,]-4-Ac-NIV 15-[2H,]-DON ['3C,]-3-Ac-DON)

HG |
HO

HO H
Bretz (2006)
Asam (2007) McMaster (2019) Asam (2007)

['3C471-NIV ['3C,45]-DON ['3C471-3-Ac-DON

HO |
HO HO

Sarkanj (2018)

Gab-Allah (2021)

Haubl (2006)
Sarkanj (2018)
Gab-Allah (2021)

Gab-Allah (2021)

Fig. 8. Isotopically labelled standards used for trichothecene analysis in food via SIDA.
Red areas indicate label locations, with the bottom row representing fully *C labelled

standards.
up.®” A commercially available, fully ®C labelled [®C]-

DON was used as a standard for DON. In this case, a
significant IE was found where the calibration slope be-
tween SI-ISTD and unlabelled analyte was much
greater than unity (1.7 versus 1). Whereas the mass
difference (15 Da) was too high to give isotope overlap,
the ratio of [*C]-formaldehyde to water fragments in
the SI-ISTD was different to the ratio of formaldehyde
to water fragments in the analyte. The higher abun-
dance of [®C]-formaldehyde fragments had thus re-
sulted in a higher slope. Overall the standards allowed
excellent sensitivity with low LOD & LOQ and good
precision.

Despite the potential for IE with fully labelled stan-
dards they have proved quite useful. Haubl et al. illus-
trated the power of using SI-ISTDs in circumventing
MEs when in 2006 they used the commercially avail-
able [®C]-DON to analyse maize and wheat for DON
by HPLC-MS/MS without sample clean-up.®® Simple
acetonitrile / water extracts with no ISTD gave appar-
ent analyte recovery of 29+6% in wheat and 37+5% in
maize, while use of the SI-ISTD gave recoveries of
95+3% and 99+3% respectively, illustrating the poten-
tial for SIDA to provide reliable and accurate quantifi-
cation with even minimal sample clean-up.

More recently, in a study which demonstrates the
state-of-the-art, Sarkanj and co-workers in 2018 devel-
oped a robust and ultra-sensitive UHPLC- (Ultra-HPLC-)
MS/MS method for the detection of multiple myco-
toxin biomarkers in urine using SIDA and a range of 12
Sl-labelled mycotoxin ISTDs.® Urine is particularly sus-

['3C,]-15-Ac-DON

H H
0

ceptible to MEs, and as SIDA is
.OH considered an ideal way to quan-

tify the recovery of analytes from

/:
o._0
T

Asam (2007)

varied matrices, it was hoped

HO
that this method would be appli-
cable to the wide range of urines
and mycotoxins expected in epi-
[C47]-15-Ac-DON  demiological studies. Compared
OH with the same samples previ-

ously analysed in a ‘dilute and

oy

Gab-Allah (2021)

Ho shoot’ (minimal sample clean-
up) method using un-labelled
standards, Sarkanj's method
found more positive samples
(above LOD) and a greatly in-
creased number of quantifiable
samples (above LOQ) for all comparable analytes, in-
cluding the type-B trichothecenes NIV, DON and de-ep-
oxy-DON (Fig. 9). It was proposed that the SIDA
method would allow a realistic assessment of myco-
toxin exposure in large scale epidemiological studies.

Finally, Gab-Allah et al. used SIDA in the development
of an ultra-performance liquid chromatography-
(UPLC-) MS/MS reference method for the analysis of
type-B trichothecenes in cereal grains using fully *C la-
belled [®C,]-DON, [®*C,]-NIV, [*C ]-3-Ac-DON and
[®C,,]-15-Ac-DON.® Excellent accuracy, high reliability
and low LODs & LOQs were achieved, with the authors
noting the LODs and LOQs were the lowest amongst a
selection of recent SIDA LC-MS trichothecene analysis
reports.®” These studies are but a few that have lever-
aged the power of SIDA to overcome the challenges as-
sociated with the highly sensitive detection of myco-

toxins in complex matrices.

Quantifying trichothecenes in indoor matrices

The analysis of trichothecenes in buildings typically fo-
cuses on house dust, as particulate inhalation repre-
sents the expected route of exposure. House dust has
been found to be particularly prone to MEs and so
analyses need to be carefully approached in this regard.
Unfortunately, the application of SIDA to the quantifi-
cation of building related trichothecenes (e.g. VER,
SATG, SATH & ROE) is decidedly lacking due to an ab-
sence of suitable Sl-labelled standards.” It is likely that
this absence of standards reflects low demand due to
the lack of regulation (c.f. agriculture), which in turn is
rooted in a lack of knowledge about the risks from tri-
chothecenes in these environments, as well as the tech-
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nical challenges associated with preparing SI labelled
standards. The mitigation of MEs in building-related
matrices has thus typically used matrix-matched cali-
brations and internal standards which differ from the
analyte. Compared with the results seen using SIDA in
an agricultural context, this can severely limit the qual-
ity of analysis.

Such situations are illustrated across the literature. A
2009 paper by Vishwanath et al. describes the simulta-
neous detection of 186 microbial secondary metabo-
lites including trichothecenes in indoor matrices by
HPLC-MS/MS.® For a dust matrix, analyte signal was
supressed by more than 50% in a third of the analytes,
and apparent recoveries of below 50% for half of the
analytes was observed. It was proposed that this was
due to incomplete extraction and the severe MEs pre-
sented by house dust. This was noted to be an ex-
tremely challenging matrix, and a significant difference
in MEs between dust samples was found. It was pro-
posed that matrix-matched calibrations would likely
be unsuitable for dusts due to the severe MEs, and that
SI-ISTDs would be required to overcome these.
In 2012, Pietzsch et al. reported a follow-up
analysis of schools in Europe again for 186 mi- O

crobial secondary metabolites using HPLC- and HO [

GC-MS/MS.# Approximately 10 samples each

de-epoxy-DON

These researchers would go on to conduct one of the
most comprehensive studies of its type, when Kir-
javainen et al. surveyed dust samples using HPLC-
MS/MS for the presence of 333 microbial secondary
metabolites in 93 homes of 1-year old children in Fin-
land.” Microbial secondary metabolites were ubiqui-
tous, being found in all houses. A moderate but signifi-
cant negative correlation was found between overall
metabolite abundance and the prevalence of asthma
symptoms at 6 years of age. External calibration curves
derived from serial dilutions of a multi-analyte stan-
dard were used with no matrix-matching, and no S.
chartarum trichothecenes were found. Authors from
this group had in previous research®® stated the par-
ticular difficulty that dusts present in terms of MEs,
both within the individual sample and due to the great
variability that is expected between samples. It has
been argued that such multi-analyte approaches, while
valuable for qualitative screens, can only be considered
semi-quantitative due to the inability to apply MEs
mitigation such as matrix-matching to the large range
of analytes.”®

Ho/\/\/\/\/\/\/OH

1,12-dodecanediol

of settled dust and swabs of mouldy surfaces Fig. 9. Standards used in building-relevant trichothecene analysis

were collected preferentially from locations

where dampness or moisture damage had been noted.
HPLC-MS/MS was used to screen for the metabolites
using external calibrations prepared with a multi-ana-
lyte standard. No attempt was made to assess or cor-
rect for extraction losses or MEs as in previous re-
search® they had found matrix-matched calibrations
unsuitable for correcting these effects in extremely
heterogeneous matrices such as dust. A GC-MS/MS
method was used specifically for the detection of tri-
chothecenes, where hydrolysis of samples prior to
analysis generated VER and TRID as proxies for total
trichothecene exposure. An ISTD of 1,12-dodecanediol
(Fig. 9) was added to the samples prior to hydrolysis.
Trichothecenes, as measured by the detection of VER,
were found in only 4 of 675 samples. The use of unsuit-
able ISTDs and the presence of MEs make it difficult to
draw any conclusions with regards to the presence of
trichothecenes, again underlining the desirability of SI-
ISTDs.
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The difficulties presented by MEs in such heteroge-
neous indoor environmental samples were further
highlighted by Saito et al. in a 2016 analysis of MCTs in
the floor dust of water damaged buildings using GC-
MS/MS.° By subjecting dust samples to hydrolysis con-
ditions, trichothecenes were converted to VER which
was used as a proxy for total MCT content. Previously
established GC-MS/MS methods had used an ISTD of
1,12-dodecanediol, and this was examined for its ability
to correct for MEs alongside a matrix-matched calibra-
tion method. With no ISTD adjustment, a 280% en-
hancement of the analyte signal was observed. How-
ever, the ISTD was found to suffer severe MEs com-
pared with the VER analyte, with the consequence
that, in 21 dust samples analysed with ISTD correction
applied, VER was not found. In contrast, with a matrix-
matched calibration curve and no ISTD adjustment,
VER was detectable in 38% of samples, and a 94% re-
covery was observed in spiking experiments. The au-
thors proposed that the use of this particular standard
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for VER analysis could therefore result in a significant
over- or under-estimation of trichothecene content in
dust. Attempts at preparing stable isotope labelled
VER, considered to be the ideal ISTD, were fruitless, and
it was suggested that matrix-matched calibrations may
provide a useful alternative to overcome MEs when a
suitable ISTD is not available.

The ability of matrix-matching to correct for MEs in
these contexts was examined specifically by Jaderson &
Park who investigated MEs in the measurement of mi-
crobial secondary metabolites, including VER, in dust
using UPLC-MS/MS.?' They compared the use of the tri-
chothecene de-epoxy-DON as an ISTD against the use
of matrix-matched calibration curves. By comparing
the results of standards prepared in neat solvent, stan-
dards prepared in a solvent extract of the dusts (ma-
trix-matched), and standards prepared by spiking dusts
with a known amount of standard prior to extraction,
they were able to gauge MEs and extraction efficiency.
Signal suppression due to MEs was found in all 31 mi-
crobial secondary metabolites studied. MEs varied sig-
nificantly by the building from which the dust was col-
lected, the analyte of interest, and the concentration of
the spike. It was concluded that MEs could result in a
significant underestimation of microbial secondary me-
tabolites in dust samples. Matrix-matched calibrations
were found to provide acceptable compensation for
MEs and extraction loss, and it was suggested they
could provide reasonable results when it was practical
to prepare them. However, the increased number of
samples required to generate a calibration curve for
each matrix and analyte, and the availability of a blank
matrix for each sample, were both noted as obstacles
to the wider application of the technique. De-epoxy-
DON was not found to be a suitable universal ISTD, and
where an SI-ISTD for each analyte would be ideal, the
impracticalities of achieving this meant that investiga-
tions into other correction methods such as standard
addition were advised.

In other instances the use of matrix-matching has been
reported as inadequate in accounting for MEs. For ex-
ample, Dossen et al. developed a semi-quantitative
UHPLC- (Ultra-HPLC-) QqQ (triple quadrupole MS)
method for the detection of S. chartarum secondary
metabolites in dust and wall swabs from a water dam-
building.*? UHPLC-qQTOF
quadrupole-time-of-flight MS) analysis of S. chartarum

aged (quadrupole-

culture extract as a preliminary screen identified sev-
eral novel potential biomarkers as well as satratoxins
and atranones through dereplication against mass-
spectral databases of known S. chartarum compounds.
These biomarkers were then quantified using UHPLC-
QqQ and calibrations based on similar compounds for
which reference materials were available. MEs were as-
sessed for the Kimwipes™ used to collect the dust but
not for the dust itself, and ion enhancement and sup-
pression were observed even in this presumably less-
complex matrix. Thus it was concluded that matrix-
matched calibrations would not be adequate to ac-
count for the observed MEs and that SI-ISTDs would be
preferable.

Next steps

The lack of an ideal analytical tool for the measure-
ment of S. chartarum mycotoxins in indoor environ-
ments compels us to develop GC-MS and HPLC-MS/MS
techniques using SIDA and standard addition quantifi-
cation methods respectively. To this end we are prepar-
ing an Sl labelled VER standard via semi-synthesis from
the closely related DAS and pure examples of KTCs by
extraction from natural sources. In ongoing work,
strains of S. chartarum from the Manaaki Whenua In-
ternational Collection of Microorganisims from Plants
have been cultivated on potato-dextrose agar before
inoculation onto Uncle Ben’s par-boiled rice, a medium
which is known to facilitate the production of MCTs.”
After 4-6 weeks incubation at room temperature, ex-
traction with 1:1 chloroform:methanol has yielded a
crude extract suitable for purification using established
techniques.®® In this way, the KTCs SATG, SATH and ROE
have been prepared successfully, while we hope to soon
isolate ROL2.5674%%

With regards to the GC-MS method, synthesis of the
proposed SI-VER has commenced with the production
of a mono-labelled variant in which we hope to shortly
introduce further isotopic labelling. These approaches
to trichothecene quantification, along with the high
mould contamination rates in our leaky buildings, a
large sample size, well-matched controls and objective
measures of illness, should provide us with a particu-
larly powerful method with which to investigate the re-
lationship between the prevalence of these potent my-
cotoxins and the health of NZ's leaky building occu-
pants. Overall, this study will further inform the wider
controversy surrounding the role of S. chartarum tri-
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chothecenes in the development of respiratory disor-

ders, while the SIDA technique will facilitate future in-

vestigation into the presence of these building-rele-

vant trichothecenes in a variety of contexts.
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