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Quantitative bioreduction assays for calibrating spore content
and viability of commercial  Bacillus thuringiensis  insecticides
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The redox dyes MTT (3-{4,5-dimethylthiazol-2-yl}-2,5-diphenyl tetrazolium bromide, thiazolyl blue) and XTT (sodium

3'- {1-[(phenylamino)-carbonyl]-3,4-tetrazolium}-bis{4-methoxy-6-nitro} benzene sulphonic acid hydrate) were used

as dosimetry reporters in liquid (multi-well) and solid support (membrane) assays to estimate spore viability and

content of commercial BT products derived from fermentation of Bacillus thuringiensis ~ subsp kurstaki (Btk) and
subsp israelensis (Bti) . QC tests on five BT products were done using spore, protein and gene contents, and mor-
phology (scanning electron microscopy) as indicators. Spore levels (6-40 x 10° colony forming units (CFU) ml 1)
were approximately equivalent when based on International Units (IU) of potency. Spore viability was highly stable

over a broad range of temperatures and pHs but germination and growth were restricted (optima: pH ~ 7.5 and
37°C). Quantitative bioreduction activity (QBA) of MTT and XTT correlated with vegetative cell production. Depending

on manipulation of pre-assay conditions, both dyes could discriminate doses from ~2 to 10° spores (or 10 = to 10°
IU). Non-toxic effects of XTT and its formazan product enabled automated collection of data on growth and dose.

Solid support assays also reliably estimated product dosage by in situ detection of CFU. With appropriate reference
dilutions of microbe-containing products the QBA assays can provide high throughput QC monitoring of product
comparisons and field release in aerial spray or water injection applications.
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Introduction ment methodologies and the collection of data relating to

. . - . release, exposure and persistence of microbe-containin
Most commercial BT insecticides in global use are essen; P P 9

tially fermentation concentrates of the Gram-positive,ggdeigggo'i?‘gei EEZ?ygtgnc(il\sti)dS). ugﬁgfei!:c;?irgr?r:;e?rﬁozga?o_r
spore-forming Bacillus thuringiensissubspecieskurstaki ! P pia g

(Btk) and subspeciessraelensis (Bti)[1,4,7.25,27]. As monitoring QC and large-scale release of commercial

: . BPs like BT depends heavily on details about individual
such, these crude, water-based formulations contain pré\ZI : . )
prietary additives, traces of growth medium, cellular debrisprOdUCtS which are largely unavailable because of pro

and metabolites, and two major sporulation products, th(gggéag gggggsls's Ar‘; prdeesegst,itssi\;esr:é Zt;a(t)en%eosr ?r?gree %??Ee
spore and parasporal inclusion body (PIB). The PIB bray dep

: : ‘bioconstituents (spores, crystalloid structures of intact PIBs,
whether intact as an aggregated crystalloid or parﬂyg-endotoxins polypeptides) or formulation additives and

assembled (or degraded), is the primary source of variou A
" ; . o racer dyes [1,11,17,25]. As an assessment priority, release
pro-6-endotoxins and their derivatives [3,12]. From theOf high levels of spores has the greatest potential for

point of view of BT product efficacy in the field, the spores environmental impact because of their hardiness, growth

are important in the toxification of insects : . .
8 e . properties (this study) and genetic relatedness to known
[2,4,8,9,14,18,19,23,28-31]. However, clarification of the'rf’;\nimal pathogens [1.5.26,27]. In the present study we

EXplofing the 5-endotoxins, parioulary heir engineering SPOTL 0N the_spore properties of several BT products
P 9 ' P Y 9 9 including germination-growth-responsive changes in elec-

and use in transgenic plants [3,6,12,16]. Information o . . . ]
spores in BT products is germane to furthering the underr‘tron transport (bioreduction) activity. Based on these analy

; ; s § ses, two types of relatively simple assays are described
standing of several issues [1,27]: (a) the long termWhich offer considerable potential for use in semi-auto-

en\‘/lronmental _|mp§1ct due to Iarg_e-ss:ale, localized ,r6|easﬁ1ated QC analysis and field monitoring of MBP deposition
of ‘commercialized’ microbe species; (b) the spore’s roleand exposure

in target (and non-target) animal cell toxification; and
(c) development of effective, target species-specific, bio-
logical control products. Materials and methods

We are primarily interested in BT products as surrogate%amp”ng methods and characterization of BT

for the development of large-scale environmental assess:
products

Products tested are listed in Table 1. Great care was given
. . . , to making accurate product dilutions by extensive mixing
Correspondence: Dr VL Seligy, Mutagenesis Section, Environmental

Health Centre, Health Canada, Tunney’'s Pasture, Ottawa, Canada Klk) e,n_sure homogenelty ,Of_a“qUOtS' Diluents included fllte,r'
oL2 sterilized deionized distilled water, standard bacterial
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Table 1 Characteristics of commercial BT products used in this analysis 371
Commercial Formula Subspecies Solids Spores ml Major Gene detection
product (supplier) type and strain of % product x 10° polypeptides, by PCR

IU ml—* B. thuringiensis (viv)p (spores 1UY) kilo Daltons Cry/Ribosome
aDipel (DIPel*WP, Powder kurstaki 22 5.9+ 1.3 133-137, 1Ab+ / 16S +
Abbott, Quebec) 4% 1¢° HD1 (~1400) 63-67 1Ac+
Foray 48B (Novo Liquid kurstaki 24 315+ 7.0 133-137, 1Ab+ / 16S +
/Abbott) 12.7x 10° HD1 (~2480) 63-67 1Ac+
Foray 76B (Novo Liquid kurstaki 26 39.8+ 8.7 133-137, 1Ab+ / 16S +
/Abbott) 20x 1¢° HD1 (~2460) 63-67 1Act
Thuricide (CIL, Liquid kurstaki 20 10.0+ 2.1 133-137, 1Ab+ / 16S +
Laval, Quebec) 4.% 16 HD1 (~2380) 63-67 1Act
Vectobac 12AS (Abbott) Liquid israelensis 24 29.4+ 7.6 134, 78, ND / 16

HD14 (=) 28 ND

aLiquid equivalent made up as described in [28].
bPellet volume measured after 2508@, 60 min.
¢ + = Presence of diagnostic PCR fragments (see Figure 1C)=Nibdt detected. All other assays are described in Methods.

Ont, Canada) and SE (0.01% SDS—-0.1 mM ETDA, pH 8.0).
Growth medium was made with/without 2@ mlI™ genta-
micin (Gibco/BRL). Other media included: Grace’s insect
medium [28] and human cell culture medium (Dulbeco’s
MEM, Gibco/BRL).

Putative contents (spores, vegetative cells, proteins anc A
DNA) of BT products were examined after various periods
of incubation in diluents by a variety of techniques: light
and scanning electron microscopy (SEM), differential cen-
trifugation, protein and nucleic acid biochemistry and plate
counts. SEM was conducted using a JSM6400 (Joel, Bos
ton, MA, USA) and gold-shadowed fresh mounts on alumi-
num foil. Spores and PIB structures were partitioned from
the liquid phase of the commercial formulations by centri-
fugation (horizontal microfuge at 12500 g, 15 min or
preparative centrifuge, Beckman SW50.1 rotor at 25 800 cde fgh i jkl
g, 30—60 min). Pellets were washed three times with 103
volumes of sterile water or TE (10 mM Tris-HCland 1 mM |
EDTA, pH 9.5) and reconstituted to the original product - -
volume by mixing them extensively with water or buffer. | L ] )

Extraction of PIB proteins from the spore-rich, TE-
washed pellets was done by mixing the pellets in 0.2% SD ah e
and 0.5% proteinase K (Sigma, St Louis, MO, USA), fol-
lowed by an incubation (12 h, 3 with mixing) and
repeated washing of the recovered pellets in TE and water

Detection of toxin ¢rylAb andcrylAc) and 16S ribosomal _ . . . .

. . S - Figure 1 Quality analysis of commercial BT products. Example is Foray
genes [28! \ Se“gy’ mangscrlpt ”’.‘ preparatlon] yvas perfor'48BI]. (A,B) SEM of 10* product dilution before (A) and after (B) pro-
med by polymerase chain reaction (PCR) using producCiease treatment showing spores as the major component. Spores are
dilutions, single colony forming units (CFU) and extracted approximately 1.2um long. (C) Ethidium bromide-stained agarose gel
cellular DNA. Thermocycler (Model 9600) and reagents(1-5%) electrophoretic patterns of DNA markers (100-bp ladder, lanes, a,

. . P I) and PCR products from DNA control (0.56 kbp, lane b) and BT pro-
were obtained from Perkin-Elmer (MISS|Ssau9a' Ont'duct: total untreated (lanes c, f, i) and washed (128@Dpellets) before

Canada). Quantity and ql!a"ty 6#endptoxin Pmteinsv the  (lanes d, g, j) and after protease digestion (lanes e, h, k) using primers to
132- and 67-kDa polypeptides associated with BT productSidentify s-endotoxin genes ctylAb, 0.65 kbp, lanes c—egrylAc,

were assessed by SDS-polyacrylamide gel electrophoresisBs kbp, lanes f—h) and 16S rDNA (0.6 kbp, lanes i-k). (D) Coomassie
(SDS-P AGE) [28]). blue-stained 12% polyacrylamide gel of electrophoretically separated

. high-low molecular weight markers (left, lane a) and total BT product
Total bacteria _(spores) and spores*’iLo)f ,prOdUCt Btl,‘ (3%00 1U) before (lane bg)J and after (Ia(ne d) proteezse treatment (sge B) and
products) or equivalent based on CFU as in the cadgtiof 12500x g 15 min supematant of total product (lane c). Marker proteins in
product, were deduced by scoring CFU after spread-platingDa are: myosin (214), phosphorylase B (111), bovine serum albumin
of linear or Log, serial dilutions (50- to 10Q«l aliquots) (68), ovalbumin (45),a-chymotrypsinogen (24)B-lactoglobin (18) and

on agar plates containing LB medium (Gibco/BRL). Alter- "YSe2yme- Further details are given in Methods.
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Figure 2 Properties of spore component of BT products. (A) Effect of temperatutlogrowth and spore viability. Growth was determined over

a 36-h period by measuring increase in colony sk ¢r optical density at 450 nmej, at 37C, using BT product at 0.2 IU and 200 IU, respectively.

Spore viability was determined by pre-treatment of a suspension containing 0.2 1U for 1 h at different temperatures before plating, and incubating the
plates at 37C. (B) Effect of pH on spore viability and growth rate, measured by plate assay, relative to pH 7.0, using 0.2 10.4C37Viable spore

content of BT product illustrated by use of an automated microtitreplate spore germination-growth assay monitored at 450 nm. (D) Spore activation,
germination and growth as determined by monitoff&Q, incorporation and optical density at 450 nm. See Methods for details on radiolabelling of cells.

natively, spore contents were determined by trapping (10-  centrations (0, 0.01, 0.1, ¥)aamd2Hs (3—12), using

to 100l samples per 10 ml of SE) on sterile membranesprogrammable incubators (Kloolatron chamber, VWR
(0.45um pore size, 4.5 cm diameter or 10 oml3.2cm,  Scientific hybridization oven, London, Ont, Canada; PCR
Zeta probe, Biorad, Mississauga, Ont, Canada) and incithermocycler and microwell plate reader, Spectramax 250,
bation on LB agar plates or in sterile multiblot trays (8.5 cm Molecular Dynamics, Sunnyvale, CA, USA). The pH was
x 12.5 cm, Robbins Scientific) containing either a layer ofadjusted using stocks of HCI,;AQO,, H.NaPQ,, HNa,PQ,

LB agar or an insert of LB-soaked gel blot paper (GB002, and NaOH. Microassays of growth profiles for dose-time
Schleicher & Schuell, Keene, NH, USA). Tests for sporeexperiments were computer-monitored. Product dilutions or
viability were conducted by obtaining CFU number (spread  spores flvildre dispensed by multichannel pipette as
plate) or computer monitoring of growth profiles (at 480 nm 10- or 20l aliquots into 90 or 19Qul of medium, respect-

or 600 nm) over time (0-24 h) after exposure to a range of ively. Controls consisted of diluent and medium
temperatures—80, —20 and 4-108C), pHs (0.5-12) and with/without BT product and antibiotic to block growth
freeze-thaw cycles (40, 30-min cycles 640 to +50°C). [26,28]. In some case¥P-PQ (1w Ci mIt, Amersham,
Temporal activity (germination and growth) was examinedOakville, Ont, Canada) was used to determine uptake into

at different temperatures (4-1T0), nutrient medium con- 5% TCA-insoluble cellular products. Aliquots gl)Qvere
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Figure 3 Optimization of MTT-based bioreduction assay of BT products. (A) Formazan produced after 2.4 mM MTT was added @ tg Broduct

dilutions pre-incubated in 100l LB for 0-12 h at 37C. (B) Absorbance readings (490 nm) are averages of those shown in (A) and four other experi-
ments. Shaded area highlights semi-linear response at 6 h. (C) Effect of pre-incubation (12.7 1U product) time and temperature on MTT-formazan
produced in a 2-h assay at&. Maximum absorbance occurred with a 12-h pre-incubation. (D) Optimization of formazan produced from MTT relative

to the 120-min point at 3. (E) Bioreduction based on product IU specified by manufacturer (DP, Dipel; F, Foray and TH, Thuricide). The VB
(Vectobac) equivalent was based on 2400 CFW. MTT was added after a 6-h pre-incubation. Data points are the means of three separate experiments.

trapped on nylon membranes and counted using a scintil-  fugation (22&Q000 min). After addition of solubilizers,
lation spectrophotometer (Beckman Inst, LS3800, Fullermicrotitre plates were agitated intermittently over a 5-min

ton, CA, USA). interval prior to measuring absorbance. Absorbance
measurements were taken at3.2, the upper limit of
reliability of the detector. Samples with reading8.2 were

assessed by making appropriate dilutions. Background
(MW 306.3) and<7.42 mM XTT (MW 673.5) were made readings were taken before addition of redox dye. Assays

with reagents (Sigma) dissolved in sterile PBS, growth  were repeated at least three times per experiment and pro-
medium or water, depending on usage. Scanning spectr@essed using Softmax Pro (Molecular Dynamics) and Excel
photometry (Beckman DU70 and Spectramax 250) was 5.0 (Microsoft) software.

used to evaluate wavelength optima for monitoring forma-

zan products. Preliminary tests indicated that the absorptio . .

spectra of formazan made Btk and Bti cells were very Results and discussion

similar. Formazan production was optimized by addition Characterization of BT commercial products

of different concentrations of MTT or XTTH PMS) and Information on exact contents of commercial BT products
incubation at 23—-4%. BT dose-dependent assays were is generally not available. This applies particularly to spore
done using dilutions of BT product added at various timescontent. Some practical QC analysis of individual products
(up to 24 h) prior to start of redox assays (timed). At t is given in Table 1. Comparison of data for Blik formu-

=0, 10 or 20ul of various stock dilutions of MTT or XTT lations showed that they had similar CFU contents based
were added to each well, followed by a 0- to 5-h incubation on number of IU specified by manufacturers. Ase the

to assess analytic sensitivity. Effects of solubilization ofbased product (Vectobac) was similar in CFU content. Heat
MTT-formazan associated witBtk andBti cells was tested  treatments (viable counts after 20 min &€ 38 80°C)

by mixing one sample volume of dimethyl sulfoxide indicated that the CFU content originated from spores
(DMSO) or 20% SDS and 50% dimethylformamide pH 4.7 >90.9%) and not vegetative cells. This was confirmed by
[10], directly to samples or to pellets recovered by centri-examination of 108 to 1000« SEM images of air-dried

Tetrazolium-based bioassays
Stocks of =24 mM MTT (MW 414.3), =<1.62 mM PMS
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Figure 4 MTT toxification of sporesf\,A) and vegetative cellsX,®).
Aliguots of 0.2 IU BT product were incubated with the addition of 2.4 mM
MTT (closed symbols) or without MTT (open symbols) before diluting
and plating the suspension on LB agar plates. Vegetative growing cells
were derived by pre-incubating 0.2 U of product for 4.5 h at@7Per

cent viability (CFU after 24 h) was based on control values at zero time,
just prior to MTT addition. Data are the means of three experiments and
are not adjusted for vegetative cell increases observed in the 4-h control
incubations with no MTT.

ABSORBANCE 480 nm

Figure 5 Effects of XTT and PMS electron donor concentrations on BT-

- bioreduction. The assay demonstrated here was one of three conducted
products (0.5-%ul) at dilutions from 0 to 1. Product using a 96-well plate with and without (0-BT) product at@ilution in

spreads at dilutions oE10™ were four]d to be generally LB at37C. After 4 h, XTT was added and incubated for 1 h before mem-
free of aggregates that consisted mainly of compact, rodsrane entrapment of cells. (A) Photograph of membrane filter with
shaped spores-0.75 um wide x 1.2 um long) (Figure 1A). entrapped cells revealed by associated formazan. (B) Quantification of
The spores were the only structures remaining after proteirfs' | -fo'mazan by sampling at 480 nm.

ase K digestion and washes (Figure 1B). Authenticity ofy rease in CEFU count at high temperature (50:G30and

Btk-containing products was confirmed by predicted SiZEH (8—12) may be related to increased efficiency of spore
of PCR-generated products [28], using boiled product and .iyation [31]. Biomass production in insect cell culture

pellets recovered after washes with/without protease treaf, odium was higher than in LB broth by30% (data not
ment (Figure 1C). As expected, only the 16s rRNA PCRgpq\yn) However, productivity was zero once these media

probe was positive foBti-based Vectobac product. SOMe ere diluted to=0.1x. Continuous monitoring of growth

product-specific differences in pellet sublayers were appaliih 5 computerized, thermally regulated, multi-well plate
ent before and after protease treatment, depending on co

L . > . Feader demonstrated that spores of a given product dose
ditions used for centrifugation. At 25008 g (60 min), erminated and grew more-or-less in phase. Regularity of
supernatants from all products were free of spores, granulgRes nse_dependent, time-lag differences (growth curve
of any size and protein (Figure 1D, lanes a and b). Proteasg !

; splacements), shown in Figure 2C, indicate that initial
geatment rte((jjufceq the ptetl)let volumle ’950(‘)’6 wh|cdh coult(_:i spore content (CFU) or IU of a given dose can be approxi-
e accounted for in part by spore loss20%) and practi- 5404 As a baseline we used gentamicin g§Omi) to

cally all other components such as various sized amorphoujgpjpt growth [26,28]. Although not shown, the relative
granules, the characteristic bipyrimidal-shaped PIB CryStalblisplacement of the growth curves Btk and Bti products

loid structures £0.6 um x 1.4 um) and polypeptides rang- o com T i ; ;

. , parable dilutions were consistent with the difference
ing from ~60 kDa to 137 kDa (Figure 1D, lanes a and €). iy cFy mr estimated by plating (Table 1). For all pro-
Treatments with alkaline buffers and proteases are used i, s, Jittle or no growth activity was recorded if CFU con-
solubilize and process pr&endotoxins [16,31]. tent per microwell assay was5 x 1(°. The earliest
changes in absorbance readings (over the range from 450

Growth properties of spores from BT products to 600 nm) occurred at about the same time as uptake of
All BT products examined here were highly concentrated32PO4 into TCA insoluble product (Figure 2D). The initial

Polypeptide and viable spore content did not change oveg,,"in apsorbance which began between 0.3 to 0.8 h is
a 4-year period of intermittent testing (data not shown).Considered an indicator of spore activation [31].

Results shown in Figure 2A and B indicate that the spores
were viable following exposure to a broad range of tem-Bioreduction activity measurements using MTT and
peratures {80 to +90°C) and pH (0.5-12). However, con- XTT liquid assays

ditions for germination and growth were restricted. Growth ~ Both MTT and XTT have been tested against a variety of
was optimal at 3% 2°C and pH=7.5% 1.0. The 5-10% microbial species [10,13,24] but not using methods
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reported here or with either laboratory strainsB#cillus  not germinate in the presence of MTT and that their tox- 375

thuringiensisor spores of actual commercial BT products. ification was relatively low in comparison to vegetative
In an earlier study involving toxification of insect cells by  cells. With a (L.Bf ~10 min, vegetative cell proliferation
BT products, MTT and XTT were reduced by the vegetat-was terminated rapidly and therefore would not enhance
ive cells arising from spore germination but the spores the level of formazan produced within the 60- to 120-min
themselves had little or no reducing capability [28]. Furtherassay period as in the case of XTWide infra). MTT-for-
investigations were directed at the possible use of these mazan crystal deposits within cells and membranes prob-
dyes in assays to provide information on spore activatiorably cause lethality. For animal cells, these deposits are
and to facilitate a rapid calibration of BT products in terms refractive and require solubilization prior to quantification
of spore viability and content. of the formazan deposits [10,15,20,28]. However, in the

A battery of tests established that 1.0-2.4 mM MTT was casBtkfor Bti, semi-quantification of MTT-formazan
sufficient to detect bioreducing activity by vegetative cellsby the plate reader could be done with a moderate loss
generated from any BT product dose after an appropriate in efficien80%), if we used 530 nm as the detection
preincubation from 2 to 16 h using either animal cell or wavelength (data not shown).
bacterial (LB) growth medium. The media alone did not In comparison to MTT, XTT and its water-soluble for-
generate any appreciable background reduction of MTTmazan product are non-toxic to a variety of organisms
As shown in Figure 3 (A-C), MTT-formazan production [20,21,24]. However efficient metabolism of XTT may
essentially mirrored the vegetative cell activity data (Figuresometimes require an electron coupler such as phenazine
2C and D). Near-linear dose responses could be obtained methosulphate (PMS). In our studies, no loss in viability
over several orders of magnitude of product dilution bywas observed in plating and liquid growth assays when
manipulating duration (Figure 3B) and temperature (Figure  eBftleor Bti spores (or vegetative cells) were incubated
3C) at which the pre-assay incubation was conducted. Howin the presence of XTT and XTT-formazan. The optimiz-
ever, similar variation of assay conditions did not affect the ation of XTT and PMS concentration requirements revealed
end-point of MTT reduction (Figure 3D). At temperatures that only XTT was important. Sensitivity increased with
>34°C the bioreduction was essentially complete 80  XTT concentration but background reduction was sub-
min. Data in Figure 3E demonstrate the marked similaritystrate-dependent and could be a serious problem depending
in bioreduction capability of various BT products when  on the duration of the assay and medium used [20]. For
compared at equivalent IU by an assay which combinedhis reason brain heart infusion broth was not useful unless
a 6-h pre-incubation to enable initiation of vegetative cell XTT wes00 uM. Such background effects can be cir-
production and a 1-h MTT exposure. The reproducibility cumvented by monitoring the bound formazan of vegetative
of this assay depended on making accurate product cells harvested from the liquid assays by a multiwell mem-
dilutions and also controlling cell duplication while MTT brane filtration apparatus. This is shown for a XTT and
conversion to formazan took place. The results of experi- PMS optimization study in Figure 5A and B. The lack of
ments summarized in Figure 4 established that spores dickll inhibition by XTT limits its use in obtaining accurate
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CONTINUOUS MONITORING (h, 37°C)

Figure 6 Computer monitoring of XTT-formazan and vegetative cell production from BT-product. The collection of readings resulting from spore
activation and vegetative cell production at’@7(log,, product dilution series). Letters A, B and C with arrows show intervals when the 96-well plate
assay was photographed (left inset). The assay was conducted in triplicate but not all replicas are shown. The right inset shows part of the high-resolution
scale results of formazan production after backgrounds (cells and blanks) were subtracted.
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Figure 8 Formazan production from immobilized BT product spores.
Membrane assays were conducted &tG3ih triplicate and incubated for

6 h on an absorbent support containing LB broth without (A) or with
500uM XTT (B). After 6 h, membrane A was placed on a similar XTT-
soaked paper and incubated for 2 h. Both membranes were then dried,
photographed and scanned to quantify production of formazan (C) relative
Figure 7 Solid supportin situ MTT-bioreduction. (A, B) MTT-forma-  t0 that of the 10" dilution in experiment A.

zan production from membrane-trapped dilutions of 0.013-1270 IU. Trip-

licate dilutions (10Qul LB medium well?) were filtered through sterile

membranes and subsequently incubated on LB-soaked absorbent papergitd formazan build-up as well as cell growth can be meas-
22°C or 37C for various times before placing them onto MTT-soaked yred more-or-less simultaneously. The contribution to tur-

absorbent paper for 30 min at®7. (C—-F) Formazan deposits of putative ;i ; ; ; _
colonies from 0.13, 1.3, 12.7 and 127 IU dilutions, respectively, after 6 hbldlty from cells alone is relatlvely minor and can be cor

pre-incubation at 3. (G) Aliquot of 1270 IU filtrate incubated for 24 h  'ected too, if need be, by appropriate controls (cultures
before MTT assay showing no leakage of spores occurred. (H-Without XTT). The XTT-formazan data in Figure 6 reveal

J) Membranes with grids indicating colony sizes detected by formazarsharp, growth-dependent sigmoidal curves for each spore
after pre-incubating for 24 h (0.01 IU), 12h (0.20 V) aged 8h (10 :CU)- concentration (dose) which are not easily apparent from
e o e o *® " visual observaio at any single tme-point (it insed). The
bioreduction profiles resolved at high resolution (right
inset) are each offset by45 min for successive lqg
intermediate growth measurements such as in Figure 3 fatilutions which makes it possible to estimate the initial
MTT. However, with continuous monitoring results such dose. The XTT-formazan sigmoidal curves resemble those
as those shown in Figure 6 can be obtained. In these dostr cell accumulation (Figures 6 and 2C) but are at least
dependent assays, XTT is present at all stages of the assay  five times more sensitive. This XTT assay format has not
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been reported previously for use with other micro- than earlier observations gleaned from reports on differe%z

organisms, possibly because appropriate equipment was niathoratory strains [25]. The overlap in growth parameters
available. Preliminary comparison of inhibitory concen- (temperature and pH) with mammalian cells has not been
trations (MIC) of antibiotic using bioreduction and growth clearly documented before. Use of this information with
profiles as indicators shows that the bioreduction profiles the introduction of semi-automated MTT and XTT biored-
generated fronBtk and Bti spore inoculation are very dis- uction activity assays provides a means for practical, low
tinct in comparison to other bacterial species suctEas cost QC testing of microbe-containing samples and pro-

coli [22]. ducts such as BT products and probiotics. The assays,
whether liquid (Figures 3, 6) or matrix support type
Formazan production from solid support assays (Figures 7, 8), can discriminate spore content over a rela-

The use of MTT and XTT as possibia situ stains for  tively broad range of product doses using an antibiotic to
early detection and quantification &tk and Bti colony  control growth if needed for background reference or spec-
growth was examined. As summarized by experiments ies selection. Resolution of such assays depends mainly on
using multiwell trapping procedures (Figure 7 A-—F), the care in which accurate logarithmic or linear dilution
appearance of formazan deposits correlated favourably with standards are made up.

CFU trapped. In this trapping procedure, cell retention was The areas in which we are currently attempting to vali-

100% even at the highest practical dosel® spores date QBA assays include the assessment of product efficacy
mm2), since filtrates, when recultured or spotted directly[28], antibiotic sensitivity [22], virulence [5] and environ-

on membranes, did not produce colonies or formazan mental exposure using commercial BT products released
(Figure 7G). The size of individual formazan deposits wasby aerosolization (Foray48B) and injection into water
dependent on temperature and time, factors which corre- (Vedihiacontrol infestations of spruce budworm and

lated with cell production (growth rate and colony size).blackflies, respectively. Specific details of these studies will

The membrane support assay was about as sensitive as the be reported at a later date. So far, MTT has proven useful
liquid plate assay but it required less than 10 min forfor both liquid and solid support membrane-type assays in
maximum formazan production. Once developed, the dried  which high microsample throughputs are required. These
filters can be conveniently stored like photographs. Minorsingle end-point determinations are relatively cost-efficient
problems with this assay are: the additional time required and sensitive due to intense staining characteristics and
in setting up sterile membranes and incubation chambergrowth inhibition by the insoluble formazan product. With-

the necessity to determine appropriate dye exposure times  out the computer monitoring capability of our present
to regulate colony size differences (Figure 7 H-J) and theequipment, the XTT was less suitable because of medium-
multilayering or overlapping of the seed spores due to lack  dependent dye reduction (background), its cost and poten-
of mixing and channelling through the membrane’s irregu-tial overestimation of QBA by failure to curtail cell pro-

lar pore structures (Figure 7K). Calculations based on the liferation during XTT-formazan production. However,
size of vegetative cells suggest that the largest and mosinlike other bacteria [24 Btk andBti cells do not require

easily detected deposits>0.5 mm diameter) seen within an electron coupler which would increase the assay costs
the first 6 h are probably produced by 10 or more clustereénd manipulation time. The XTT assay shows particular
microcolonies. Using the same assay method with XTT we promise for obtaining growth profiles in microassays and
could demonstrate similar but less defined microcoloniesapid determination of MICs of various antibiotics and tar-

with little or no effect observed on cell viability or forma-  get organisms including microbe-based biotechnology pro-
zan production (Figure 8A and B). However, with XTT, ducts and testing of electron transport inhibitors [22].
guantification of formazan by surface scan was not always
possible because of masking by background production o'&
formazan. This background rose significantly in a linear
fashion after about 6 h and was probably related to a diffusWe thank members of the Department of Health, Drs A
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cknowledgements

observations). laborating Centre for Tuberculosis Bacteriology Research,
LCDC) for technical review and advice. This research was

Applications of QC and QBA assays for monitoring supported by Health Canada, Industry Science and Tech-

BT products and their field release nology (National Biotechnology Strategy) and NSERC

To our knowledge, this study in conjunction with another (to VLS).

[28], provides the first multiparameter characterization of
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