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REPRODUCIBILITY OF THE YEAST BIOASSAY
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T-2 toxin Control [~ 0.ng/ml i mgml 1 2.ong/ml

Time (hrs) ) 7 Growth (Asg0)
' X+sd | %CV X+sd |%CV X+sd |%CV X+sd | %CV

0.201 £ 0.013 | 6.55 0.214+0.006 | 2.58 | 0.210+0.009 4.04 | 0.224+0.005 | 2.02 |

0249+0.014 | 549 0243+0019 | 7.95 | 0.249 +0.008 334 | 0.261£0.004 | 155

0.333+0.016 | 4.93 0.345+0.013 | 3.74 | 0.341 +0.005 132 1 0.357+0.014 | 3.98

0.501+0.018 | 3.69 | 0.528 £0.025 4.74 | 0.519+0.003 | 0.49 0.530+0.018 | 3.43

0.658+0.027 | 4.17 | 0.684 0.021 | 3.00 | 0.681+0.002 | 0.22 0.687+0.022 | 3.22

0.852+0.028 | 3.28 0867 +0.013 | 1.49 | 0.879+0.007 0.80 | 0.875+0.032 | 3.62

1.018+0.022 | 2.20 1.051 £ 0.050 | 4.79 | 1.016 +0.019 191 | 1.025+£0.034 | 333

1.095+0.022 | 1.99 1113 £0.056 | 4.12 | 1.078+0.041 3778 | 1.096 +0.008 | 0.76

1.155+0.022 | 1.89 1171 £0.023 | 1.93 | 1.162+0.001 0.09 | 1.175+0.004 | 0.34

12040011 | 0.88 | 1.201+0.022 1.79 | 1.203+£0.001 | 0.10 1.191 £ 0.007 | 0.57
12280012 | 1.02 | 1.223+0.011 091 | 1.232+0.017 | 1.4] 1.217+0.012 | 0.98

o

=l =] ol ool ||| B|w]||—=]=

(=4

B-galactosidase activity (cleavage of Xgal Ag66-A560)
0797 0.056 | 6.98 | 0.7970.023 | 2.87 [0.797+0.032 | 4.06 | 0.736 +0.018 ] 238

—
o

Cell viability (cleavage of MTT As60-A666)
07152 0.120 [ 16.76] 0.691%0.145 [21.02] 0.644+0.133 [20.58 | 0.513 +0.265 [ 51.67

T-2 toxin 5ng/ml i 7.5ng/ml | 10ng/ml | 25ng/ml

Time (hrs) Growth (Asg0) ]
X+sd | %CV X+sd |%CV X+sd |%CV X+sd | %CV

0.209 £ 0.006 { 2.66 | 0.217% 0.006 | 2.66 | 0.207 £0.008 | 3.68 0.207 £ 0.005 | 2.17
0245+0012 | 498 | 0.258 0.012 | 4938 | 0241+0.011 | 4.35 0.253 £0.011 | 433
0344+0.014 | 421 03360014 | 421 | 0320+0.012 362 | 0.315+0.006 | 1.80

0.489+0.031 | 638 | 0477+ 0.031 | 6.38 | 0.448 +0.021 | 4.61 0.374£0.008 | 2.04

0.624 = 0.01 | 1.58 0.590 £ 0.010 | 1.58 0.556 + 0.038 | 6.84 0.416+0.018 | 4.33

07760012 | 1.6 {0741+ 0.012 | 1.60 | 0.676 +0.033 494 | 0.471+£0.024 | 5.19

0.946+0015 | 1.6 | 0.904= 0.015 | 1.60 | 0.800+0.018 528 | 0.535+0.006 | 1.13

1.028 £ 0.022 | 2.17 | 1.004 + 0.022 | 2.17 | 0.922+0.013 | 1.37 0.649 +0.037 | 5.77

1.109 = 0.009 | 0.81 1.105 = 0.009 | 0.81 | 1.055+0.040 3.79 | 0.771£0.033 | 431

1145+ 0.014 | 123 | 1.141 0014 | 123 | 1.105+0.007 0.59 | 0.855+0.009 | 1.09
1.184+0.008 { 0.68 | 1.170% 0.008 | 0.68 | 1.095 % 0.005 0.47 | 0.945+0.038 | 4.00
B-galactosidase activity (cleavage of Xgal Ag66-A560)

0.708 £0.014 | 1.989 | 0.070 + 0.023 [3230] 0006% | | -0.02%0.00 | 0.00
Cell viability (cleavage of MTT As60-A666)
0.521+0.152 | 29.18| 0427« 0.073 | 17.0ﬂ 0.337+0.014 ] 4.05 “ 0.303+0.017 l 5.48

o
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T-2 toxin 50ng/mi | 75ng/ml | 100ng/ml 1 250ng/ml

Time (hrs) ' Growth (As60) 7
X+sd |%CV X+sd |%CV X+sd | %CV X+s.d %CV

0.217+0.008 | 3.60 | 0.215% 0.009 | 4.07 | 0.204 +0.009 | 4.22 0.218 £0.007 | 3.25

0.255+0.008 | 3.17 0.243+£0.011 | 434 0212+0011 | 5.27 | 0.219+0.004 1.84

0.305+0.010 [ 3.18 | 0.295% 0.011 | 3.73 | 0273 +0.004 | 1.60 0.284+0.012 | 4.23
0.358+0.022 | 6.15 | 0319+ 0.015 | 4.78 | 0.293 +0.006 | 1.94 0.299 = 0.015 | 4.86
0.365+0024 | 658 | 0312+ 0.021 | 6.79 | 0.311+0.003 1.11 | 0284+0.01 | 3.54

038740023 | 5.84 | 0.306+0.011 | 343 | 0287 0.008 | 2.61 | 0.287+0.018 | 62
044620029 | 6.42 | 0.310=0.014 | 456 | 0.284+ 0.004 | 1.53 | 0.284£0.021 | 721
0467 £0.037 | 7.91 | 0.300£0.013 | 4.29 | 0272 0.009 | 3.13 | 0.267+0.017 | 621
54982 0.014 | 2.77 | 0.290%0.013 | 459 } 0.258+ 0.009 | 3.31 | 0.250 £0.016 | 621
053620034 | 629 | 0.308=0.009 | 2.92 | 0.261 % 0.011 | 4.02 | 0.252+0.017 | 6.76
062020029 | 470 | 0.303 £0.015 | 5.06 | 0.264+ 0.011 | 3.97 | 0.252+0.018 | 727
B-galactosidase activity (cleavage of Xgal Age6-As60)
70,020 £ 0.00 | 0.00 | -0.02+0.00 [0.00 | -0.02+0.00 | 0.00 [ -0.02+0.00 | 0.00
Cell viability (cleavage of MTT As60-A666)
0205 0.039 | 19.10] 0.221+0.017 | 7.69 10.147=0.012 | 781 | 0.132% 0.006 | 4.30

o
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Table 1a  Reproducibility of the yeast bioassay: effect of T-2 toxin on growth,
B-galactosidase activity and cell viability -Within-assay variation, experiment e

217



218

p-galactosidase activity and cell viability -Within-assay v

T-2 toxin Control | 0.1ng/ml | Ing/ml | 2.50ng/ml
Time (hrs) Growth (As60)
X+sd |%CV X+sd |%CV X+sd. | %WCV X+sd |%CV
0 0.202+ 0.011 547 § 0.212+0.008 386 | 0.196+0.011 568 | 0.203+0.015 7.19
1 0247+ 0.009 | 3.68 0.246 +0.005 | 1.83 0254+0.012 | 4.85 0.237+0.004 | 17
2 0342+0.015 | 428 0.349 £0.024 | 6.97 0.351+0.010 | 2.85 0.322+0.021 | 637
3 0.358 = 0.019 | 3.53 0.548 + 0.027 | 4.86 0.524 + 0.024 | 4.64 0.473£0.015 [ 3.25
4 0.698 + 0.017 2.46 | 0.699+0.013 1.89 | 0.705 £ 0.009 121 | 0.641+0.009 1.43
5 0.884 +0.021 | 3.39 0.896 + 0.027 | 3.02 0.854 £ 0.022 | 2.52 0.818 £0.015 | 1.88
6 1.007+0.004 | 04 1.011 £0.007 | 0.69 1.005+£0.004 | 04 0.951 £ 0.020 | 2.14
7 1.100 £ 0.013 1.14 | 1.096 £0.013 1.17 | 1.07+£0.032 3.00 | 1.047+0.034 327
8 1.166 £0.013 | 1.12 1.175 + 0.020 | 1.67 11720014 | 1.16 11330012 | 1.02
9 1217+0.013 | 1.03 1213+£0.016 | 1.28 1.228 + 0.008 | 0.64 1,185 + 0.007 | 06!
10 1233+0.013 | 1.04 1228+0019 | 1.53 1.242+0.007 | 0.56 1227  0.009 | 0.69
10 {-galactosidase activity (cleavage of Xgal Ags6-As60) =
0.773 £ 0.064 l 8.26 ! 0.744 = 0.062 l 8.29 J 0.824 £ 0.037 | 443 “ 0.746 + 0.073 | 9.83 |
10 Cell viability (cleavage of MTT Asgo-A666) |
0.739+0.114 l 15.36[ 0.671 £0.049 ‘ 731 l 0.741+ 0.073 | 9.87 “ 0.659 + 0.126 | 19.12
T-2 toxin Sng/ml | 7.5ng/ml | 10ng/ml | 25ng/ml
Time (hrs) Growth (As60)
X+sd |%CV X+sd | %CV X+sd. | %CV X+sd | %CV
0 0.190+0.018 | 9.53 0.217+0.005 | 2.11 0.206+0.009 | 4.25 0.191+0.013 | 692
1 0.229 + 0.006 2.656 | 0.245+0.010 2.10 | 0.231+0.010 211 | 0237+0.016 6.83
2 0.316+0.005 | 1.58 0311+0.011 | 3.54 0.297 £0.005 | 1.78 0275+0012 | 439
3 0.442 % 0.010 | 230 0.415+0.012 | 2.86 0364+ 0.029 | 8.06 0329+0016 | 4.85
4 0.606+0.010 | 1.72 0.543 £ 0.030 | 5.50 0.457 +0.027 | 5.88 0.383+£0.018 | 4.59
5 0.781 £0.018 | 2.35 0.708 £ 0.021 | 3.02 0.540 + 0.020 | 3.66 0.425 +0.005 | 1.25
6 0.892 +0.013 | 1.147 0.829+0.012 | 1.46 0.650+ 0.028 | 4.32 0.458 £ 0.009 | 1.98
7 0.976+0.011 | 1.10 0.946 + 0.023 | 2.42 0.738 £0.017 | 231 0.500% 0.018 | 3.65
8 1.038 =0.054 | 5.23 1.003 £ 0.003 | 0.25 0.813+0.017 | 2.03 0.549 = 0.026 | 4.73
9 1.124 £ 0.011 | 0.98 1.073 £0.056 | 5.18 0.906+ 0.014 | 1.56 0615+ 0.029 | 475
10 1.196 + 0.007 | 0.59 1.151£0.024 | 2.05 0.998 = 0.010 | 0.96 0.693 + 0.028 | 3.98
10 B-galactosidase activity (cleavage of Xgal Agg6-A560)
0.777+0.118 | 15.24 1 0.622 +0.132 121.18}L 0.080 + 0.061 | 77.19ﬂ -0.02 +£0.00 ‘ 0.00
10 Cell viability (cleavage of MTT Asgo-As66)
0.730 £ 0.090 [ 12.38 l\ 0.681 + 0.139J 20.42 n 0.642 +0.030 | 471 “ 0.312+0.019 l 5.94
T-2 toxin 50ng/ml i 75ng/ml | 100ng/ml | 250ng/ml
Time (hrs) Growth (As60)
X+sd | %CV X+sd |%CV X+sd | %CV X+sd |%CV
0 0.209 = 0.015 | 7.37 0.195 + 0.009 | 4.47 0.194 £ 0.007 | 3.51 0.209£0.012 | 5.55
1 0.219 = 0.010 | 4.40 0.210+0.012 | 5.71 0.221+0.010 | 432 0.227 = 0.013 | 5.67
2 0.252+0.010 | 3.98 0.228 £ 0.005 | 2.17 0.248 £ 0.007 | 2.92 0.244 = 0.009 | 3.88
3 0.300 = 0.006 | 1.89 0.252 + 0.008 | 3.00 0.264 +0.021 | 7.88 0274+0011 | 3.83
4 0.323 +0.013 | 4.02 0.299 + 0.003 | 0.84 0276 +0.013 | 4.79 0.297 + 0.005 | 1.78
E 0.345 +0.021 | 6.19 0.288 £0.005 | 1.71 0.292 + 0.007 | 2.37 0279+0012 | 4.19
6 0360+ 0.019 536 | 0.295=0.009 315 | 0.287 £0.012 2.00 | 0.261£0.009 3.34
7 0379 £0.019 | 5.02 0.293 = 0.007 | 232 0.267+0.014 | 520 0.254 +0.012 | 475
8 0.383 +0.018 | 4.59 0.278 = 0.007 | 2.53 0257+0.018 | 7.08 0.240 = 0.006 { 2.55
9 0.405 = 0.007 | 1.62 0.288 = 0.003 | 0.87 0.267 £ 0.007 | 2.76 0.249 = 0.007 | 2.90
10 0.423 £ 0.009 | 2.02 0.282+0.009 | 3.2 0261+ 0.009 | 3.51 0.253 £0.011 | 4.40
10 p-galactosidase activity (cleavage of Xgal Age6-A560)
-0.020 + 0.00 ‘ 0.00 l -0.020 + 0.00 l 0.00 \] -0.020 + 0.00 l 0.00 ]l -0.020 £ 0.00 \ 0.00
10 Cell viability (cleavage of MTT Asgo-As66)
r—()j42 +0.038 ‘ 15.88 ﬂ 0.178 £ 0.012 L6.74 “ 0.177 £ 0.008 ‘ 4.52 l[ 0.141 £0.022 l 15.52
Table 1b  Reproducibility of the yeast bioassay: effect of T-2 toxin on growth,

ariation, experiment 2.
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T-2 toxin Control | 0.1ng/ml | Ing/ml | 2.5ng/ml

Time (hrs) Growth (Ase0)
X+ s.d. %CV X+sd. %CV X+sd |%CV X+ s.d. %CV

0.189+0010 | 5.12 | 0.190+0.006 | 2.89 | 0.181+0.007 | 4.00 0.184 +0.009 | 4.69

022120013 | 572 | 0.233£0.022 | 9.44 | 0.225+0.009 | 3.88 0.215+0.012 | 5.64
0299%0015 | 498 | 0.292+0.014 | 4.76 | 0.292+0.009 | 3.04 0281+0.013 | 471

0401 £0.021 | 5.19 | 0.412+0.008 | 1.96 | 0.386+0.013 | 3.34 0.361+0.033 | 9.14

051520018 | 3.47 | 0.505+0.024 | 4.84 | 0.516+0.011 | 2.04 0.495+0.018 | 3.69

071320016 | 221 | 0.730£0.023 | 3.10 | 0.690+0.016 | 2.36 0.706 £ 0.008 | 1.14

08980019 | 2.08 | 0913£0.034 | 3.67 | 0.864+0.019 | 2.18 0.859+£0.014 | 1.57
1.005+0.007 | 0.72 | 1.006+0.004 | 0.43 | 0.996+0.016 | 1.56 0.990 £ 0.022 | 2.19

10800016 | 1.52 | 1.086+0.008 | 0.70 | 1.058+0.010 j 0.91 1.051 £ 0.009 | 0.86

115520015 | 1.32 | 1.162+0.015 | 1.32 | 1.125+0.008 | 0.69 1.121+0.014 | 1.27

=lolwlwla|un alw|i—|C
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1205+0014 | 1.13 | 1.214£0.007 | 0.59 | 1.190+0.002 | 0.17 1.192+0.013 | L.10

—
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B-galactosidase activity (cleavage of Xgal Ag66-A560)
0.769 = 0.100 | 12.99 | 0.860 % 0.040 | 4.66 | 0.757+ 0.038 [ 4.96 | 0.806 +0.153 | 19.02

10 Cell viability (cleavage of MTT As¢0-A666)
0743 £ 0.110 [ 14.87] 0.799 2 0.134 | 16.74 | 08150.107 [ 13.13] 0.696 + 0.087 | 12,51

T-2 toxin 5ng/ml | 7.5ng/ml | 10ng/ml | 25ng/m!

| Time (hrs) Growth (As60)
' X+sd |%CV Xxsd | %CV X+sd | %CV X+sd | %CV

0.189+0.007 | 3.82 | 0.184£0.008 | 4.49 | 0.176 £ 0.011 | 6.40 0.188 £ 0.008 | 4.02

0.220 £ 0.007 | 3.28 | 0.225£0.006 | 2.99 | 0.226+ 0.011 499 | 0.222+0.010 | 4.30
0296 £ 0.007 | 2.25 | 0.296+0.018 | 8.23 | 0.270 £ 0.003 1.19 | 0.265+0.006 | 2.15

039620006 | 1.43 | 0.385+0.017 | 6.28 | 0.326+0.010 | 3.07 0.301+0.010 | 3.32

0508 0.009 | 1.68 | 0.499+0.002 | 0.69 | 0.399+0.007 | 1.78 0.343 £0.014 | 3.95

06880013 | 1.89 | 0.651+£0.004 | 1.50 | 0.473 +0.024 5.03 | 0.385+0.012 | 3.21

0872 0.024 | 2.77 | 0.828+0.020 | 7.24 [ 0.558 + 0.024 432 | 0.449+0.015 | 3.24

098820012 | 1.17 | 0.939£0.012 | 4.22 | 0.717+0.012 1.64 | 0.506+0.013 | 2.58

1.057=0.006 | 0.55 | 1.037+0.017 | 6.16 | 0.851+0.011 | 1.27 0.580+0.027 | 4.74

1111200111 095 | 1.09+0.009 | 3.14 | 0.982+0.017 1.73 1 0.658 £0.031 | 4.66

11612 0.005 | 041 | 1.132+0.012 | 42 | 1.025+0.017 1.64 | 0.751 £ 0.037 | 4.96

—t |
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B-galactosidase activity (cleavage of Xgal Ag66-A560)
0.613 £ 0.083 | 13.62 | 0.003 + 0.002 | 57.28 | -0.0200.00 | 0.00 [ -0.020+ 0.00 | 0.00

10 Cell viability (cleavage of MTT Asg0-Ag66) .
0.573£0.053 | 9.34 | 0.546+0.076 | 13.94 | 0.478 + 0.023 [ 4.74 | 0.403 + 0.068 {16.87
T-2 toxin 50ng/ml | 75ng/ml | 100ng/ml 1 250ng/ml
Time (hrs) Growth (A560)
X+sd | %CV X+sd |%CV X+sd | %CV X+sd |%CV
0 01710010 | 5.76 | 0.185+0.008 | 4.49 | 0.179+ 0.004 | 1.96 | 0.185+0.013 | 6.98
1 0226+ 0.008 | 3.58 | 0.202%0.006 | 2.99 | 0.220+0.014 | 6.30 | 0.215% 0.017 | 7.99
2 0251 £ 0.009 | 357 | 0.223+0.018 | 8.23 | 0.237+ 0.004 | 1.52 | 0.233£0.011 | 472
3 028820011 | 3.82 | 0263 0.017 | 6.28 | 0.266 +0.005 | 1.89 | 0.258 + 0.008 | 291
4 030420015 | 5.06 | 0301 %0.002 | 0.69 | 0.270+0.001 | 037 | 0.264 + 0.009 | 343
5 032620022 | 6.79 | 0.291+0.004 | 1.50 | 0.272+0.008 | 2.97 | 0272+ 0.011 | 4.18
6 03420009 | 2.64 | 0276+ 0.020 | 7.24 | 0.265 + 0.008 3.05 | 0.257+0.006 | 2.28
7 0377+0022 | 582 | 0275+0.012 | 422 | 0.260+ 0.006 | 2.25 | 0.261+0.009 | 3.34
8 0396+ 0.008 | 1.96 | 0.270+0.017 | 6.16 | 0.262+ 0.007 | 2.70 | 0.264 +0.008 | 3.18
9 0.407 £ 0008 | 1.85 | 0.276+0.009 | 3.14 | 0.262+ 0.007 | 2.67 | 0.261+0.009 | 3.51
10 04160008 | 1.93 | 0.282+0.012 | 4.20 | 0.267+0.013 | 491 0.259+0.010 | 3.90
10 B-galactosidase activity (cleavage of Xgal Ag66-A560)
0,020 £ 0.00 | 0.00 | 0.020%0.00 | 0.00 | -0.020 +0.00 | 0.00 | -0.020 0.00 | 0.00
10 Cell viability (cleavage of MTT Asgo-Ag66)

0.252 £ 0.060 | 23.78 | 0141 0.025 [ 17.72 ] 0.167+0.028 [16.82]0.147£0.017 | 11.62

Table 1c  Reproducibility of the yeast bioassay: effect of T-2 toxin on growth,
B-galactosidase activity and cell viability -Within-assay variation, experiment 3.
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T-2 toxin

Control | 0.1ng/ml 1 1ng/ml i 2.5ng/ml

Time (hrs)

Growth (Asg0)

Xisd |%CV]  X<sd | %CV Xisd 1%CV]|  Xxsd | %CV |

0.197=0.013 | 635 | 0.205+0.013 | 6.11 0.196+0.015 | 7.70 | 0.203+0.019 | 9.55

0239+0017 | 7.28 | 0.241+£0.016 | 6.61 0.243 £ 0.016 | 6.57 | 0.238£0.021 8.89

0.325+0.024 | 7.37 | 0329+0.032 | 9.59 0.328+0.028 | 8.62 | 0.320+0.036 11.16

0.480 = 0062 | 12.81| 0.496 % 0.066 | 13.32 0.476 = 0.069 |114.55| 0.455 +0.082 | 18.02

0.624 £ 0.082 | 13.13 | 0.630 +0.095 | 15.09 0.634 £ 0.089 | 14.12 | 0.608 +0.088 | 14.53

0.816+0.078 | 9.58 | 0.831+0.079 9.536 | 0.808 = 0.090 | 11.17 |} 0.800 + 0.077 9.58

0.975 % 0.057 | 5.87 | 0.992+0.068 { 6.89 0962+ 0.074 | 7.74 | 0.945+0.075 | 7.94

10670047 | 437 | 1.072+0.055 | 5.16 1,048 £ 0.047 | 4.53 | 1.045+0.051 | 4.84

11340042 | 3.73 | 1.144+0.046 | 4.06 1131 £0.056 | 4.91 | 1.120+ 0.055 | 4.90

1192 %0030 | 249 | 1.192+0.028 | 2.33 1.185 = 0.047 | 3.97 | 1.166+0.035 | 2.98

(=4

122220018 | 1.46 | 1.222+0.013 | 1.07 1221+ 0026 | 2.11 | 1.212+0.019 | 1.53

=i =l ol w|n|wn|lwl—|=
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(-galactosidase activity (cleavage of Xgal Agg6-As60)

0780 % 0.075 | 9.64 | 0.800£0.063 | 791 [0.793+0.042 | 533 | 0.763 +0.091 | 11.98

—
[=}

Cell viability (cleavage of MTT Asgo-Ag66)

0.732£0.113 | 1545} 0.720£0.118 [16.40 [ 0.733£0.119 [16:21] 0.623+0.174 [ 28.02

T-2 toxin

Sng/ml | 7.5ng/ml | 10ng/mi 1 25ng/ml

Time (hrs)

Growth (Asg0)

Xxsd. | %CV X+sd |%CV X+sd | %CV X +s.d. %CV

0.196 = 0.014 | 7.15 | 0.206 = 0.017 841 | 0.196=0.017 | 8.80 | 0.195+0.012 6.17

0.231£0.013 | 5.81 | 0.243£0.016 6.46 1 02330011 [ 485 | 0.237+0.017 7.33

0.318+0.022 | 7.06 | 0.314 % 0.020 6.40 | 0296 £ 0.023 | 7.65 | 0.285+0.024 8.50

0.443 £0.044 | 9.85 | 0.426 £0.043 10.08 | 0.380+0.057 {15.03 | 0.335% 0.034 | 10.05

0.579 £ 0.055 | 9.46 | 0.544 +0.043 788 | 0.470£0.073 [ 15.44 | 0.382+0.033 8.60

0.748 £ 0.047 | 6.26 | 0.700 = 0.041 589 1| 0.563 0.092 | 16.38 | 0.427 +0.040 932

0.904+0.037 | 4.06 | 0.854+0.040 264 | 0.670£0.108 | 16.07 | 0.481 £0.042 8.75

0.997 £ 0.027 | 2.76 | 0.963 +0.033 344 ] 0.792+0.098 | 12.43 | 0.552+0.076 13.83

1.068 £ 0.042 | 3.93 | 1.048 £0.045 231 | 0.906+0.115 | 12.68 | 0.633 +0.107 16.95

1.127£0.018 | 1.62 | 1.102 +0.042 3.80 | 0.098 = 0.088 | 8.78 | 0.709+0.113 1594

1.180= 0016 | 1.38 | 1.151 +0.021 187 | 1.039+0045 | 429 | 0.796+0.118 14.83

=i =l ploo| ||| plwR|~=o
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B-galactosidase activity (cleavage of Xgal Ag66-A560)

0699 £ 0.102 | 14.58 | 0.231 +0.302 [130.41] 0.022 + 0.054 [249.72] -0.020 = 0.000 | 0.00

[
(=4

Cell viability (cleavage of MTT Asgo-As66)

0.608 £ 0.132 | 21.73 | 0.551 +0.141 [25.52 ] 0.486=0.134 [27.50 | 0.339 % 0.060 | 17.63

T-2 toxin

50ng/mi | 75ng/ml | 100ng/ml 1 250ng/ml

Time (hrs)

Growth (Asg0)

Xxs.d. %CV X+sd |%CV X+sd | %CV X+s.d. %CV

0.199 + 0.023 | 11.72} 0.198 £ 0.015 751 | 0.192+0.012 | 6.39 0.204 +£0.018 | 8.68

0233 +£0.018 | 7.86 | 0.218 £ 0.021 952 | 02180011} 5.07 0.220 £ 0.012 | 5.56

0.260 = 0.028 | 10.45] 0.249 £ 0.037 14.72 | 0.253 £ 0.017 | 6.60 | 0.254 +0.025 9.97

0316+ 0.035 | 10.98 | 0.278 +0.033 12.03 | 0275+0.018 | 6.54 | 0.277 % 0.020 | 7.30

033120031 | 949 | 0.304£0.012 | 4.09 02860020 | 7.13 | 0.282+0.016 | 5.68

0353 +0.033 | 937 | 0.295+0.010 354 | 0284+0.011 | 3.88 ] 0.279+0.014 4.86

0.383 £ 0.051 | 13.45 | 0.294 +0.020 671 10279+0013 | 453 | 0.267+0.017 6.45

0.408 £ 0.050 | 1229 ] 0.289 +0.015 505 | 0.266+0.010 | 3.74 | 0.261 +0.012

0.426 + 0.056 | 13.19 ] 0.279 £ 0.014 513 1 0.259+0.011 | 4.22 0.251+0.014 | 5.57

0.449 £ 0.068 | 15.02 | 0.291 £0.015 530 | 0.263+0.008 | 2.94 | 0.254 0.012 | 4.60

o

0.486 £ 0.101 | 20.87 | 0.289 +0.015 5.14 | 0.264+£0.010 | 3.76 0.255+0.012 | 4.85

I = E S BRI = B Y R ] e

o

B-galactosidase activity (cleavage of Xgal Age6-As60)

~0.020 = 0.000 | 0.00 | -0.020 =0.000 | 0.00 [-0.020 = 0.000 [ 0.00 -0.020  0.000 [ 0.00

[
o

Cell viability (cleavage of MTT Asgo-As66)

0.233 £ 0.046 | 19.68 | 0.180 +0.038 [21.32 [ 0.164 £ 0.020 [ 1246 | 0.140+0.016 | 11.10

Table 1d

Reproducibility of the yeast bioassay: effect of T-2 toxin on growth,
B-galactosidase activity and cell viability - Cummulative data, between-
assay variation.
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APPENDIX 2
STRUCTURE—ACTIVITY RELATIONSHIPS AMO
THE TRICHOTHECENE MYCOTOXINS

NGST
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Figure 2a Effect of verrucarin A on growth of X marxianus.

Growth (A560)

Figure 2b Effect of roridin A on growth of K. marxianus.
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Figure 2c  Effect of T-2 toxin on growth of K. marxianus.
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Figure 2d Effect of HT-2 toxin on growth of K. marxianus.
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Figure 2¢ Effect of acetyl T-2 toxin on growth of K. marxianus.
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Figure 2f Effect of neosolaniol on growth of K. marxianus.
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Figure 2g Effect of T-2 triol on growth of K. marxianus.
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Conc. of “Percentage inhibition of growth
toxin SCR| DAS|AcT-2| T-2 HT-2[ TRI| TET| NEO FUS| Niv| DON| VER ROR
" 0.1ng/ml 2 1
0.5ng/ml | 0 1 1
Ing/ml I 0 2 | 1
5ng/ml 01 3 20 7
10ng/ml 2 | 4 2 58 | 20
25ng/ml 4 14 91 | 65 |
50ng/ml 11 52 6 96 88
100ng/ml| -2 19 2 89 9 1 0 2 1 -2 -1 99 95
250ng/ml 73 96
500ng/ml 1 93| 5 18 -1 1 2 2 4 4
Tpg/ml | 2 | 96| 5 s 1] o) 3| 3| 2] 4
2.5ug/ml 4 11 - 5 0 7 5 ¢ 3 2
Spg/ml | 4 20 97 | 8 T o 8| 6] 3
10pg/ml 10 60 98 8 2 15 17 6 3
20pg/ml | 7 91 51 3| 56| 47| 71 9
25pg/ml | 11 o3 61 31 93| 81| 8| 13
Table 2a  Percentage inhibition of growth by the trichothecenes. Data used for the
construction of dose-response Curves in the structure-activity study.
Figures are the average of at least 2 replicate wells, and were calculated
using equation 3 (page 81).
Conc. of Percentage inhibition of B-galactosidase activity i
toxin SCR| DAS|AcT-2| T-2 HT-2] TR1| TET| NEO FUS| NIV| DON| VER ROR
0.1ng/ml -2 7
0.5ng/ml 1 3 | 3
1ng/ml 3 1 4 1
Sng/ml 2 1 103| 56
10ng/ml 4 20 3 103 | 103
25ng/ml 3 100 103 | 103
50ng/ml 96 103 | 33 103 | 103
100ng/mt| -7 103 1 103| 96 -2 1 -2 7 -1 3 | 103| 103
250ng/ml 103 103 ' )
500ng/ml| -7 103 2 103 | -3 2 3 -4 -1 -9
Tpg/ml | 0 | 103] 10 3 2| 4| 2| 4| 21 4
2.5ug/ml | -5 94 51 4 56 4 -9 -9
Sug/ml 31 103 103 | 48 -4 88 &3 2 3
10pg/ml | 96 103 103 | 91 1 98 | 103 8 6
20pg/ml | 95 103 98 0 103 ] 103 36 %94
25ug/ml { 98 103 98 0 j 1031 103| 78 | 100
Table 2b  Percentage inhibition of P-galactosidase activity by the trichothecenes.

Data used for the construction of dose
Figures are the average O

activity study.

were calculated using equation
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“Relative Toxicity

Toxin Inhibition of Growth Inhibition of B-galactosidase
NEL ECsg MiC NEL |  ECs MIC
VER 1 1 1 1 1 1
ROR i 2.25 2.5 1 2 2
T-2 1 6.25 5 5 6 10
HT-2 10 125 50 10 35 100
AcT-2 100 1000 >250 100 750 - 1000
NEO 100 2500 >250 500 1000 4000
TRI 1000 >3125 >250 1000 2500 >5000
TET >25000 >3125 >250 >25000 >12500 >5000
DAS 100 225 10 6.5 15 20
SCR 100 >3125 >250 2500 3000 >5000
FUS 100 2750 >250 700 1750 4000
NIV 100 >3125 >250 4000 7000 >5000
DON 100 >3125 | >250 4000 10500 5000

Table 2¢

Relative toxicity
the relative toxin concentration required to elicit an effec

of the trichothecene mycotoxins. Relative toxicity being
t in relation to

verrucarin A (VER), the most potent of the trichothecenes tested.
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APPENDIX 3

UPTAKE AND BINDING OF AF LATOXIN Bi AND T-2 TOXIN
BY K. MARXIANUS AND B. MEGATERIUM
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Organism K. marxianus | B. megaterium
Sample T-2 toxin in each sample (1g)
X +sd % CV X & sd % CV
Supernatant 52.965 + 1.246 235 43420 £ 0.559 1.29
Wash 1 3.208 £ 0437 13.63 3.391 + 0.578 17.05
Wash 2 0.253 £ 0.017 6.61 0.677 £ 0.040 5.92
Wash 3 0.143 + 0.034 23.52 0.141 + 0.010 7.40
Wash 4 0.039 * 0.006 14.66 0.041 £ 0.003 6.09
Wash 5 ) n.d. n.d. )
Cells 0.013 + 0.003 24.75 0.009 + 0.001 1.11
Percentage T-2 toxin in each sample

Sn ’ 95.96 + 2.359 2.46 83.90 + 1.079 1.29
Wash 1 5.82 + 0.797 13.70 6.55 + 1.118 17.05
Wash 2 0.46 * 0.029 6.43 1.31 £ 0.077 5.92
Wash 3 0.26 + 0.061 23.70 0.27 + 0.020 | 4.40
Wash 4 0.07 + 0.010 14.64 0.08 £ 0.005 | 6.09
Wash 5 nd. nd *+
Cells 0.02 = 0.006 25.05 0.02 + 0.002 11.11
% Recovery 102 =+ 3 2.86 92 + 2 1.89

n.d. = not detected

Table 3c  Uptake and binding of T-2 toxin by K. marxianus and B. megaterium in
the presence of 5% methanol.
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Abstract

A novel colorimetric microbial bioassay for toxicity has been developed; it shows particular sensitivity to trichothecene
mycotoxins. The assay uses inhibition of expression of B-galactosidase activity within the yeast Kluyveronyces marxianus as
a sensitive toxicity indicator, cultures remaining yellow, rather than turning deep green-blue, in the presence of X-gal, a
chromogenic substrate. The assay is conducted in standard microtitre plates, permitting small volumes (160 pl) and many
replicates, and can be scored either automatically by a plate-reader, or by eye. Factors likely to affect the efficacy of the
bioassay, including carbon source, solvents, inoculum cell density, and the use of membrane-modulating agents (MMAs),
were assessed. Polymyxin B nonapeptide was the most effective toxicity-enhancing MMA tested, enabling the trichothecene

mycotoxin, verrucarin A, to be detected at a concentration o

f about 1 ng/ml. The assay’s reproducibility was examined using

polymyxin B sulfate, a cheaper MMA, and another trichothecene mycotoxin, T2 toxin: reproducibility and sensitivity were
better for the B-galactosidase X-gal endpoint than for an alternative chromogenic toxicity indicator, the respiratory substrate
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT). © 1999 Elsevier Science BV. All rights reserved.

Keywords: Bioassay; Colorimetric; Mycotoxins; Toxicity; Yeast

1. Infroduction

Over the past few decades it has been increasingly
recognised by the agricultural and food industries
that contamination of feeds and foodstuffs by toxic
fungal metabolites — mycotoxins — is a significant
problem for human and animal health and economic

*Corresponding author. Tel.: +44-181-331-8214; fax: +44-181-
331-830s.

E-mail address: ihevans@gre.ac.uk (Ivor H. Evans)

'present address: Respiratory and Systemic Infection Laboratory,
Central Public Health Laboratory, 61, Colindale Avenue, Lon-
don, NW9 SHT, UK.

well-being (Coker, 1997). While precise and sensi-
tive chemical methods are available’ for measuring
toxin levels, these tend to employ expensive lab-
oratory-based instrumentation. There is a clear need
for inexpensive portable methods for detecting tox-
ins, known and unknown, in the field, in the places
where foods are grown, stored, processed and distrib-
uted, and in modestly equipped laboratory environ-
ments. Bioassays, especially those using microorga-
nisms, are prime candidates for such methods, as
they have the potential to be inexpensive, rapid,
sensitive to a wide range of toxic substances —
including as yet uncharacterised toxicants — and are
free from ethical objections. The work described

0167-7012/99/$ — see front matter © 1999 Elsevier Science BV. All rights reserved.
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208 K.H. Engler et al. | Journal of Microbiological Methods 35 (1999) 207-218

here was aimed at developing a microbial toxicity
bioassay with these characteristics.

Microbiological bioassays for mycotoxins were
surveyed by Yates in the mid-1980s (Yates, 1986)
and by Watson and Lindsay (1982): they often rely
on classical microbiological methodology, such as
disk diffusion assays using Petri dishes, or culture
flasks and relatively large amounts of growth
medium. Typically, mycotoxins are detected as zones
of inhibition on plates or spectrophotometrically, as
reduction in absorbance of liquid cultures, compared
to controls. Burmeister and Hesseltine (1970) and
Schappert and Khachatourians (1983) found that
strains of Saccharomyces were sensitive to T2 toxin,
which is produced by Fusarium spororrichioides,
and to other fusariotoxins; T2 toxin has been impli-
cated in the aetiology of Alimentary Toxic Aleukia
(ATA) and, together with other trichothecenes, ex-
hibits significant immunosuppressive activity (Coker,
1997). Khachatourians et al. went on to survey 12
different yeast genera, including Saccharomyces and
Kluyveromyces, for T2 toxin sensitivity and found
that a particular strain of K. marxianus, GK1005,
was the most sensitive of all strains examined
(Sukroongreeung et al., 1984). Schappert and Khach-
atourians (1984a) therefore proposed the use of K.
marxianus GK1005 for use in a disk-diffusion type
bioassay for T2 toxin. More recently published work
(Madhyastha et al, 1994ab) has confirmed the
finding that K. marxianus is particularly sensitive to
trichothecene mycotoxins, whereas bacterial species,
for example Bacillus brevis, are very insensitive to
these toxins. K. marxianus GK1005, with its proven
response to trichothecene mycotoxins, was therefore
selected for the work reported here.

As K. marxianus is a lactose-utilising yeast, with a
well-characterised (intracellular) B-galactosidase ac-
tivity, and as there are readily available chromogenic
substrates for this enzyme, the B-galactosidase sys-
tem was thought likely to provide a particularly
promising approach to the development of a
colorimetric bioassay for toxicity. An appealing
feature of the use of B-galactosidase is that in many
microorganisms the enzyme is inducible, so the
toxicity signal — suppression of B-galactosidase
activity — should be generated by a wide variety of
toxicants interfering with any one of the many
different cellular functions required for successful

induction - and expression of the [-galactosidase
gene. Consideration was also given to the possible
use of colorimetric assays for dehydrogenase en-
zymes involved in mitochondrial functions, as many
toxicants are known to inhibit mitochondrial ac-
tivities (Bruce et al., 1987). Other objectives of the
bioassay development work reported here included
miniaturisation to the scale of the microtitre dish, to
reduce costs, increase testing capacity, and allow a
degree of automation, and incorporation of agents to
enhance sensitivity of detection, by facilitating toxin
penetration into the cells. A yeast-based bioassay for
trichothecenes, using microtitre dishes, has recently
been reported (Binder et al., 1997), but no per-
meabilising agents were used, and the endpoint was
inhibition of growth.

2. Materials and methods
2.1. Organism and cultivation medium

Kluyveromyces marxianus GK 1005 was obtained
from the Ministry of Fisheries and Food (Nobel
House, 17 Smith Square, London, SWI1P 3JR). The
yeast was routinely maintained and grown on 1%
(w/v) yeast extract, 1% (w/v) bacteriological pep-
tone, and 2% (w/v) glucose (YPD), solidified when
required with 2% (w/v) agar. Cultures used for
inoculation in bioassay development and assessment
experiments were prepared by adding a single-cell
colony from an agar plate to 50 ml of liquid medium,
identical to that to be used in the subsequent
experiment, in a 250-ml flask. The culture was
incubated in a rotary incubator for 16 h at 200
rev./min; K. marxianus cultures were always grown
at 35°C.

2.2. Chemicals

Mycotoxins were from Sigma-Aldrich (Poole,
Dorset, UK) and were dissolved in spectroscopic
grade methanol to make stock solutions at, typically,
0.1 mg/ml. Absolute mycotoxin concentrations were
verified by UV absorbance. Cetyl trimethyl ammo-
nium bromide (CTAB) and polymyxin B sulphate
(PMBS) were also from Sigma, whereas polymyxin
B nonapeptide (PBN) was from ICN Biomedicals
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(Thame, Oxfordshire, UK). Stock solutions of
CTAB, PMBS and PBN, were prepared in water,
filter-sterilised, and kept no more than a day. 5-
Bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
gal), from Calbiochem Novabiochem (Beeston, Not-
tinghamshire, UK), was dissolved in dimethylform-
amide (DMF) at 100 mg/ml and stored at —20°C in
the dark. This stock was used to make a working
solution of 20 mg/ml X-gal in aqueous DMF (2
parts water:3 parts DMF) immediately before each
assay; excess working solutions of X-gal were
discarded after each experiment. o-Nitrophenyl--D-
galactopyranoside (ONPGal) was from Sigma and
was dissolved in water at 4 mg/ml immediately
before use, and subsequently discarded. 3-(4,5-Di-
methylthiazol—2-yl)2,5-dipheny1tetrazolium‘ bromide
(MTT) was from Sigma, and was prepared as a 5
mg/ml stock solution in phosphate-buffered saline
(Dulbecco’s formula — ‘PBS’, from Flow Lab-
oratories, Irvine, UK) and filter-sterilised prior to
use. All other chemicals were from Sigma.

2.3. Determination of cell density

Cell density was determined by measurement of
absorbance at 560 nm using a Titertek Multiscan
Plus MKII microtitre plate-reader from Labsystems
(Basingstoke, Hampshire, UK). This was interfaced
with an Amstrad microcomputer and Titresoft 1.01
software, also from Labsystems. Agqo Was calibrated
by direct haemocytometer counts, and one A, Unit
corresponded to 1.1 X 107 cells.

24. Determination of B-galactosidase activity

Cells were first penneabflised by the addition of 5
wl of 0.1% (w/v) sodium dodecyl sulfate (SDS) and
3 wl chloroform to each well of the microtitre plate.
Either 1 p! of 100 mg/ml X-gal in DMF (in vivo
experiments and experiments examining the effects
of different carbon sources), 5 wl of 20 mg/ml X-gal
in DMF (effects of altering glucose concentration
and inoculum cell density), or 8 wl of 20 mg/ml
X-gal in aqueous DMF (methanol and ethanol toxici-
ty experiments and the standardised bioassay) were
then added, the contents of the wells mixed, and the
plates incubated at 35°C in a plate-shaker (Wesbart,
UK) for a maximum of 30 min. The plates were read

on the Titertek plate-reader using a test filter at 666
nm and a reference filter at 560 nm. B-Galactosidase
activity was expressed as product formation (Aggee —
A o), as a function of cell density (Asq) if required.

2.5 Determination of mitochondrial activity

Sixteen wl of MTT in PBS were added to each
well of the microtitre plate and the plate was
incubated statically at 35°C for 4 h, after which the
medium was removed and 200 ul dimethylsulfoxide
were added to each well. Thorough mixing and
dissolution of the MTT-cleavage product was effect-
ed by repeated pipetting. The plates were read on the
Titertek plate reader using a test filter at 560 nm and
a reference filter at 666 nm.

2.6. Standard bioassay procedure

Growth medium (136 wl; 1% (w/v) yeast extract,
1% (w/v) bacteriological peptone, and 50 mM
glucose — ‘YPD-50"), containing PMBS to give a
final assay concentration of 15 wg/ml, was added to
the wells of a microtitre plate (sterile, flat-bottomed,
MR24A from Dynex (formerly Dynatech) Labs,
‘Billingshurst, West Sussex, UK). Eight wl of
mycotoxin stock solution or methanol (controls) were
then added, followed by 16 .l of yeast inoculum, to
yield an initial assay cell density of ~2X 10® cells
per ml. Blank wells contained 152 w1 of medium and
8 wl of methanol. The plate was mixed, Agq, Was
measured, then the plate was sealed with a Mylar
plate sealer (ICN Biomedicals) and incubated at
15°C for the duration of the assay. Cell density was
regularly monitored during the assay. When the
control (mycotoxin-free) cultures reached stationary
phase (after about 10 h, with an A, of ca. 1.2), the
cultures were assayed for enzyme activity (B-gal-
actosidase or mitochondrial (MTT-cleavage) activi-
ty).

2.7. Spectrum of X-gal-cleavage product

A single colony of K. marxianus GK1005 was
inoculated into 50 ml 1% yeast extract, 1% bac-
teriological peptone, 50 mM lactose, in a 250-ml
flask, and incubated for 16 h at 35°C and 200
rev./min in an orbital shaker. Samples (10 ml) of the
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culture were transferred into each of two universal
bottles, 0.2 ml of chloroform and 0.1 ml 0.1% wlv
SDS were added to each bottle, to permeabilise the
cells, 20 pl X-gal (100 mg/ml in DMF) were added
to one bottle, and 20 pl DMF were added to the
other. Both bottles were then incubated at 35°C and
200 rev./min in an orbital shaker, until indigo
precipitate was clearly visible in the bottle containing
X-gal. Using the solvent (DMF) control sample as 2
reference, the absorption spectrum of the X-gal-
containing sample was then determined in a Lambda
3 spectrophotometer (Perkin—Elmer).

3. Results and discussion

3.1. Selection of chromogenic substrate for B-
galactosidase

Preliminary expenments assessed the use of o-
nitrophenyl-B-D—galactopyranoside (ONPGal) as 2
chromogenic B—galactosidase substrate, using an
assay based on that of Miller (1972). These experi-
ments showed that K. marxianus GK 1005 does
indeed express B—galactosidase activity when grow-
ing on carbon sources such as lactose and galactose,
but the assay was rather cumbersome: because of
poor cell permeability to ONPGal, 2 permeabilisation
step using chloroform and SDS was required, and the
colour of the reaction product, o—nitrophenol, needed
1o be intensified by addition of alkatine buffer at the
end of the reaction (Engler, 1996). Another dis-
advantage was that o-nitrophenol 1s yellow, and thus
similar in colour t0 YPD medium. Consequently,
ONPGal was discarded as 2 B-galactosidase substrate
for the bioassay.

Pearson et al. (1963) introduced the use of 5-
bromo—4—chloro-3—indolyl—B—D-galactopyranoside (X-
gal) as 2 chromogenic B-galactosidase substrate,
initially for histochemical work. X-gal 1s 2 colourless
compound which B—galactosidase cleaves to a halo-
genated indoxyl which is then rapidly oxidised by
the oxygen normally present in solution t© 2 bis-
indigo product that is intensely blue-green, insoluble,
light-fast and stable. X-gal is now very widely used,
especially in molecular genetic work, as a substrate
for the B-galactosidase of E. coli. It was therefore

decided to assess the use of X-gal in the K. mar-
xianus GK1005 bioassay. '

32 Use of X-gal in the bioassay

The recommended solvent for X-gal is dimethy!-
formamide (DMF), so experiments were undertaken
to examine the growth sensitivity of K. marxianus
GK1005 to DMF. Fig. 1 1s 2 representative result
from these experiments, and shows that all levels of
DME tested were toxic, but that 1% vliv, though
slowing growth, did not affect the final cell yield.
Therefore, 1% v/v was selected as the highest DMF
concentration  that could be tolerated during the
active growth phase of a bioassay. This level was
important to establish because the original bioassay
concept was 10 have all reagents, growth medium,
cells, and potentially toxic samples, present at the
beginning of the assay, both in order 10 simplify the
assay operation as far as possible and to facilitate its
development into 2 pre—packaged kit form.

When X-gal was used as an in VivO substrate —
cleavage by the intracellular B—galactosidase enzyme
requiring prior penetration of the cell by the substrate
__ it was found that appearance of detectable levels
of the blue bis-indigo product took over 24 h.
However, when ONPGal was used as the substrate,
high levels of B-galactosidase were registered after 7
h growth, in identical culture conditions. Slow

Coll density ( Aw))

Time (nhours)

Fig. 1. Effect of DMF on growth of K. marxianus GK1005.
Samples (140 pb) of overnight culture of GK 1005 diluted 10-fold
with fresh YPD-50 medium were inoculated into the wells of a
microtitre  dish. 1dentical volumes (10 pb of water (@), or
aqueous DMF (giving final concentrations of 1% vIv (0), 2%
v/v (M), 3% v/v (0O)) were added to individual wells and the
plate was incubated for 10 h at 15°C, Agqo OF the wells being
measured hourly.
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uptake of X-gal by the cells is the likely explanation
of the disparity. When the permeabilisation step
employed in the ONPGal assay (treatment with
chloroform and SDS) was used, the blue cleavage
product of X-gal was clearly visible 30 min after
permeabilisation, and B-galactosidase activity was
detected in cultures after the same growth times as
when using ONPGal. In order to minimise the
response time of the assay it was decided to adopt a
two-stage approach: initial incubation of cells in
growth medium and potential toxicants for a time
period known to produce high levels of B-galacto-
sidase in controls, then visualisation of B-galacto-
sidase via a permeabilisation step (which would itself
damage or kill cells). Thus the B-galactosidase assay
protocol adopted for the bioassay was: addition of 5
pl 0.1% w/v SDS and 3 ul chloroform to the
microtitre plate well, followed by 8 pl of 20 mg/ ml
X-gal in aqueous DMF (found to give high product
levels in derepressed control cells; Engler, 1996); the
plate was then sealed with a Mylar plate-sealer,
incubated in the shaker-incubator at 35°C for 30 min,
and scanned for absorbance at 560 nm and 666 nm
(see below).

It was also necessary to determine appropriate
wavelengths for measuring the absorbance of the
bis-indigo product of X-gal when using a microtitre
plate-reader. The absorbance spectrum in the visible
light region of bis-indigo was therefore determined,
and showed an essentially single broad peak with a
maximum at ca. 660 nm (Fig. 2). The Multiscan Plus
Mk II microtitre plate reader used in the bioassay
work permits measurement of sample absorbances at
two wavelengths; 666 nm was used to measure
bis-indigo absorption, whereas 560 nm was a suit-
able wavelength for estimating cell light-scattering
and, consequently, cell density/growth. (Age —
Asgo) Was therefore used as a measure of B-galacto-
sidase activity.

3.3. Effect of carbon source on [3-galactosidase
activity in GK1005

In microorganisms, B-galactosidase is typically an
inducible enzyme, with lactose or allolactose being
the inducer molecule, but glucose can also be
involved in regulation of the enzyme, through glu-
cose (catabolite repression) effects. The pattern of
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Fig. 2. Absorption spectrum of cleavage product produced by
B-galactosidase hydrolysis of X-gal.

B-galactosidase expression Wwas examined in K.
marxianus GK1005 growing in batch cultures, with
three different carbon sources — lactose, galactose
and glucose. Representative results are given in Fig.
3a and b, and show that the outcomes were quite
similar for all three types of culture, the growth
curves being typically sigmoid, and B-galactosidase
activity exhibiting low initial activity in lag phase,
complete suppression of activity during log phase,
then sharp induction during entry into stationary
phase, levels continuing to rise even when growth
had virtually ceased (9-10 h). These results indi-
cated that glucose could be an acceptable carbon
source for the bioassay, as the culture does, in effect,
switch from no detectable activity (mid-log) to high
levels of activity (stationary), and so could give a
good colorimetric indication of growth inhibition/
toxicity.

An experiment was performed to examine the
relationship between initial glucose concentration in
the growth medium and derepression of B-galacto-
sidase activity. The results in Fig. 4 show that
between 25 mM and 200 mM the pattern of re-
pression, in the first hour, was virtually identical, and
that, not unexpectedly, B-galactosidase activity was
derepressed in the four cultures in order of increasing
glucose concentration. Since both 25 mM and 50
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Fig. 3. Effect of carbon source on growth (2) and B—galactosidasa
activity (Agse ~ Agg0)Bsso PEF min, X 100) (b) of K. marxianis
GK1005. Carbon sources: galactose (0), lactose (M), and glucose
(D). All wells were in triplicate, and datum points are the mean of
three values.

mM glucose gave Very similar final derepression
levels of B-galactosidase at 10 h, 50 mM was chosen
as the standard glucose level in the bioassay, as 1t is

-
o

dase activity

pre
o

ﬁ—ga\actos!
wm

[o]
¢

4 6 8 10
Time (hours)

Fig. 4. Derepression of [3-galactosidase activity ((A“s—-Am)/
A g per min, X 100) in cultures of K. marxianus GK1005 with
different injtial glucose concentrations: 25 mM (D), 50 mM (H),
100 mM (O), and 200 mM (A). All wells were in triplicate, and
datum points are the mean of three values.

closer to the 2% w/v level normally used in yeast
growth media.

3.4. Effect of initial cell densitylinoculum size

It was anticipated that while lower starting cell
densities would have the merit of higher toxin-cell
ratios, the time taken to reach substantial B-galacto-
sidase levels in controls would be longer, O extend-
ing the time needed for the bioassay. B-Galacto-
sidase derepression Was monitored in four cultures
with different initial cell densities and, on the basis
of the results (see Fig. 5), 2% 10° cells/ml was

selected as an approprate starting cell density for the
bioassay.

3.5. Choice of mycotoxin solvent

Another factor relevant to the bioassay is the
nature and acceptable level of solvent for delivery of
mycotoxin standards or potentially mycotoxin-con-
taminated food samples. Methanol and ethanol are
both cheap and effective solvents for compounds
such as mycotoxins, SO the growth inhibitory effects
of these two solvents on K. marxianus GK1005 were
therefore tested in the experiment reported in Fig. 6.
Solvent effects on B-galactosidase activity were also
monitored and are reported 1N the same figure.
Evidently, methanol is 1ess inhibitory, in respect of
both parameters, than ethanol, and can be used up 0
59% v/v in the bioassay without affecting either
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Fig. 5. Derepression of B—galaclosidasc activity ((Ages — Ao
Ao PET min, % 100) in cultures of K. marxianus GK 1005 with
different initial cell concentrations: 4 X 10%/ml (@), 2x10%/ml
(W), 1% 10%/ml (O). 4% 10" /ml (A). All wells were in Uip-
licate, and datum points are the mean of three values.
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Fig. 6. Inhibition of growth and {-galactosidase activity of
cultures of K. marxianis GK1005 by methanol and ethanol:
inhibition of growth (W) and B-galactosidase activity (83) by
methanol, and inhibition of growth (A) and P-galactosidase
activity (A) by ethanol. Percentage inhibition of growth was
calculated as 100—((AA(alcohol)/AA(contJol))X100) where
AA(alcohol) = average change in absorbance of wells containing 2
given alcohol  concentration (final Ao — Start Ageo) and
AA(contro}) = average change in absorbance of control wells
(final A g — start Asqo). Percentage inhibition of B-galactosidase
activity was calculated as 100 = (A —Am(alcohol)IA666 -
A sgolcontrol)) X 100) where Ages — A o(alcohol) = average ab-
sorbance of the cleaved X-gal product at 2 given alcohol con-
centration, and Age ~ A ggolcontrol) = average absorbance of the
cleaved X-gal product for the control wells. All wells were in
riplicate.

growth or pB-galactosidase activity significantly.
Methanol is also 2 suitable solvent choice for the
bioassay, as it is often used in the isolation of
mycotoxins from potentially contaminated food sam-
ples, prior t0 further analysis. An interesting feature
of the results presented in Fig. 6 is that B-galacto-
sidase activity 1S appreciably more sensitive 10
inhibition than growth: it was indeed hoped that
suppression of B-galactosidase activity would prove
2 more sensitive indicator of toxicity than growth.

3.6, Assessment of membrane-modulating agents
(MMAs)

Chemicals (membrane—modulating agents Of
MMAs) which interact with cell (especially plasma)
membranes, enhancing permeability, have previously
been used to enhance bioassay sensitivity t0 toxins.
For example, Schappert and Khachatourians (1984b)
examined the effects of ethanol, Triton X-100, and
cetyl trimethylammonium bromide (CTAB) on the
sensitivity of growth of Saccharomyces spp- 10 the
trichothecene T2 toxin; they found that CTAB, in

particular, significantly increased sensitivity. Schap-
pert and Khachatourians then went on to incorporate
CTAB in a disk diffusion bioassay for T2 toxin,
based on K. marxianus GK1005 (Schappert and
Khachatourians, 1984a). Boguslawski (1985) showed
that the cyclic peptide moiety of polymyxin B sulfate
(PMBS), polymyx'm B nonapeptide (PBN), signifi-
cantly enhanced the sensitivity of Saccharomyces
cerevisiae 10 antibiotics and inhibitors such as
erythromycin, rifarnpicin, and ethidium bromide.
Subsequently, Connolly and Corry (1990) looked at
promotion of sensitivity of a conductimetric K.
marxianus bioassay by three MMAs, CTAB, PMBS
and PBN. They found increased sensitivity with all
three MMAs, the order of effectiveness being
PBN = PMBS > CTAB. In later bioassay work using
K. marxianus, MMAs were not employed (Madhyas-
tha et al., 1994ab). In the work reported here,
experiments were undertaken to assess the efficiency
of CTAB, PMBS and PBN on enhancing two,
somewhat different, outputs of the bioassay: growth,
as measured by Aseos and B-galactosidase activity, as
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Fig. 7. Inhibition of growth of and p-galactosidase activity of K.
marxianus GK1005 by the membrane-modulating agents CTAB,
PMBS and PBN: growth inhibition by CTAB (0)., PMBS (A),
and PBN (O), and B-galac(osidase inhibition by CTAB (W),
PMBS (A), and PBN (@). Percentage inhibition of growth was
calculated as 100 — (AA(MMA)/AA(comrol) X 100) where
AA(MMA) = average change in absorbance of wells containing 2
given MMA concentration (final  Agqo — STAIL Asgo) and
AA(control) = average change in absorbance of control wells
(final A g — Start A Percentage inhibition of B-galactosidase
activity was calculated as 100 — (Agee ~ Am(alcohol)IAe“ =
A gp(control) X 100) where Agee ~ Ao MMA) = average absor-
bance of the cleaved X-gal product at 2 given MMA con-
centration, and A ~ A jp(control) = average absorbance of the
cleaved X-gal product for the control wells. All wells were in
triplicate.
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measured by (Bgge — Aseo)- Firstly, in order to
establish useable concentrations for the MMAs, the
inhibitory effects per se of the three agents Wwere

o, Inhibition of growth
&

o inhibition of f-galactosidase

0.1 1 10 100 1000

Concentration of verucarin A (ng/ml)

Fig. 8. Dose—response cCurves for the inhibition of growth (a) and
B-galactosidase activity (b) of cultures of K. marxianus GK1005
by the mycotoxin verrucarin A in the presence of three different
MMaAs: control (O), 1 pg/ml CTAB (m)y, 15 pg/mi PMBS (O),
and 150 pg/ml PBN (A). Percentage inhibition of growth was
calculated as  100— (AA(toxin)/AA(control) x 100)  where
AA(toxin) = average change in absorbance of wells containing a
given toxin concentration  (final  Aggo — Start A), and
AA(control) = average change in absorbance of control wells
(final Aggo — Start Agg)- Percentage inhibition of B-galactosidase
activity was calculated  as 100 — (Ages — Agotoxin)/Ages —
Agofcontrol) X 100) where Ages — A qo(toxin) = average absor-
bance of the cleaved X-gal product at a given toxin concentration,
and Aggs — A ocontrol) = average absorbance of the cleaved X-
gal product for the control wells. All wells were in triplicate.

determined. The experiment was carried out in
microtitre dishes, each well being replicated three
times. The results are shown as % inhibition curves
in Fig. 7. All three agents were capable of complete-
ly inhibiting both growth and B-galactosidase activi-
ty at appropriate concentrations, the order of toxicity
being PBN < PMBS < CTAB. The data indicated
that maximal concentrations that could be used in the
bioassay without significantly inhibiting growth or
p-galactosidase activity were 1 pg/ml for CTAB, 15
pg/mi for PMBS and 150 pg/ml for PBN. The
value for CTAB 1s comparable to the previous
findings — 0.5 pg/ml in the work by Schappert and
Khachatourians (1984a) and around 1 pg/ml for the
conductimetric studies (Connolly and Corry, 1990).
Again, for the conductimetric bioassay, Connolly and
Corry (1990) found roughly comparable upper toler-
ance limits for PMBS and PBN — 25 pg/ml and
100 pg/ml, respectively.

The usefulness of the three MMAs in enhancing
sensitivity to a mycotoxin was then tested. The
trichothecene verrucarin A was selected for this test,
earlier results having indicated that, in a non-
colorimetric yeast bioassay, it is one of the more
potent trichothecenes (Dell, 1993). Microtitre plates
were set up with a range of verrucarin A con-
centrations (0.1 ng/ml to 250 ng/ml, final bioassay
concentration) in triplicate; replicate series contained
either 1 pg/ml CTAB, 15 pg/ml PMBS, or 150
pg/ml PBN, and there were also a number of control
wells, also in triplicate. The plates were incubated
for a total of 10 h at 35°C, cell density (Asgo) being
monitored regularly, and, at the end of the incuba-
tion, B-galactosidase activity was determined by the
standard procedure. Dose—response curves Were

E__//__,,_//—

Inhibition of p-galactosidase
activity by verrucarin A

actmity oy verr -~

Table 1
ffect of MMAS on verrucarin A toxicity to K. marxianus GK1005
MMA Inhibition of growth
by verrucarin A
NEL EC,
(ng/ml) (ng/ml)
Control 10. 28 100
CTAB (1 pg/mb) 5 13
PMBS (15 pg/mi) 2.5 9
PBN (150 pg/ml), 1 4

MIC NEL EC,, MIC
(ng/ml) (ng/mil) (ng/ml) (ng/ml)
10 11 15
75 7.5 85 15
40 2.5 35 1.5
25 1 2 5

NEL (nil effect level) is the highest toxin concentration at which no inhibition is detected; EC,, (effective concentration, 50) is the toxin
concentration giving 50% inhibition; MIC (minimal inhibitory concentration) is the lowest concentration of toxin giving 100% inhibition.
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constructed for the inhibition of growth and f-gal-
actosidase activity and are shown in Fig. 8a and Db.
Evidently all three MMAs potentiate verrucarin A
toxicity, but they vary in their potency: CTAB is
jeast effective and PBN is most effective. Com-
parison of Fig. 8a and Fig. 8b also shows that
inhibition of p-galactosidase activity is a more
sensitive indicator of toxicity than inhibition of
growth. This is clearly demonstrated in the numerical
comparison of the data sets for the two parameters
given in Table 1. Three different features of inhibi-
tion were used for comparison of the dose—response
curves. These are defined here as NEL — nil-effect
jevel — the highest toxin concentration at which no
inhibition is detected; EC,, — the concentration of
toxin giving 50% inhibition; MIC (minimal inhib-
itory concentration) — the Jowest concentration of
toxin giving 100% inhibition. On all three measures
the MMAs tested increased the inhibitory potency of
verrucarin A. PBN, the most effective MMA, in-
creased the bioassay senmsitivity between threefold
(MIC for B-galactosidase) and about 10-fold (NEL
for p-galactosidase). PBN was about twice as effec-
tive as PMBS, which was about twice as effective as
CTAB, which enhanced toxicity about twofold,
compared Wwith the solvent control. The lowest
concentration of verrucarin A that could be detected,
using PBN and a B-galactosidase endpoint, was
about 1 ng/ml. This can be compared with 10 ng/ml
for a recent bioassay using swine kidney cells
(Hanelt et al., 1994), indicating that the PBN-yeast
bioassay developed here can be more sensitive than
some tissue culture bioassays — which are usually
considered to be among the most sensitive of all
bioassays. However, because of the cost of PBN, the
cheaper PMBS was used in all further experiments
evaluating the bioassay.

3.7. Reproducibility of the bioassay

The bioassay’s reproducibility was assessed using
T2 toxin, as this has been perhaps the most widely
used trichothecene in testing and developing various
bioassays. As well as growth and B-galactosidase, a
third parameter was used as a toxicity indicator: this
was respiratory activity, as registered by the activity
of mitochondrial succinate dehydrogenase. This en-
zyme can be assayed through its ability to cleave the
tetrazolium ring of 3-(4,5-dimethylthiazol-Z-yl)-2,5-
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Fig. 9. Dose-response curves for the inhibition of growth (a),
B-galactosidase activity (b), and MTT-cleavage activity (c}, of
cultures of K. marxianus GK1005 by the mycotoxin T2-toxin, for
three independent experiments: experiment 1 (O), experiment 2
(W), and experiment 3 (O). Percentage inhibition of growth was
calculated as 100— (AA(toxin)/AA(control) % 100) where
AA(toxin) = average change in absorbance of wells containing a
given toxin concentration  (final ~ Agg — start Age). and
AA(control) = average change in absorbance of control wells
(final A, — start Aq)- Percentage inhibition of B-galactosidase
activity was calculated as 100 ~ (Agee — Aseo(tOXIN)/Aggs —
A,so(control) X 100) where Ay — A (toxin) = average absor-
bance of the cleaved X-gal product at 2 given toxin concentration,
and A — A, (control) = average absorbance of the cleaved X-
gal product for the control wells. Percentage inhibition of MTT-
cleavage activity was calculated as 100 — (Aggo — Aggs(toxin)/
Ao ™ A g5(control) X 100) where Ao — Ageltoxin) = average
absorbance of the product of cleaved MTT at a given toxin
concentration, and A — Aggelcontrol) = average absorbance of
the product of cleaved MTT for the control wells. All wells were
in triplicate.

dipheny! tetrazolium bromide (MTT), to MTT for-
mazan, an insoluble dye with a Np.x after solubilisa-
tion, of 560 nm. A wide variety of toxicants have
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been shown to interfere with mitochondrial function,
the mitochondrion often being a primary target
(Bruce et al.,, 1987), so it was of interest to compare
the responses of these two rather different colorimet-
ric toxicity indicators. The bioassay, using the three
parameters as toxicity indicators, was repeated on
three different occasions, the effects of T2 con-
centrations between 0.1 pg/ml and 250 pg/ml being
monitored. In each experiment each toxin concen-
tration was assessed in triplicate, control wells also
being triplicated. This allowed both within-assay and
between-assay variation to be estimated. The growth

Table 2

of K. marxianus GK1005 was monitored over 10 h,
after which {3-galactosidase and MTT cleavage ac-
tivities were determined. The mean (X), standard
deviation (S.D) and coefficient of variation (%CV)
for replicate wells for the three toxicity parameters
were determined to assess within-assay variation; X,
S.D. and %CV for all replicate wells from the three
separate experiments, were also determined, to assess
between-assay variation (all numerical data given in
Engler, 1996). Percentage inhibition of growth, (3-
galactosidase activity, and MTT cleavage activity
were calculated for the three separate experiments

NEL, EC,, and MIC concentrations of T2 toxin determined from the dose—response curves (Fig. 9a—c) produced from assays performed on
three separate occasions, using K. marxianus GK1005

Endpoint Experiment | Experiment 2 Expeniment 3
NEL EC,, MIC 7 NEL EC,, MIC NEL EC,, MIC
(ng/ml) (ng/m!) (ng/ml) (ng/ml) (ng/ml) (ng/m!) (ng/ml) (ng/ml) (ng/ml)
Growth 1.0 40 100 20 24 100 1.0 28 100
B-Galactosidase 1.0 6 25 5 35 25 0.75 5.8 10
Cell viability <0.1 9 >1250 1.0 20 >250 1.8 28 >250

NEL (nil effect level) is the highest toxin concentration at which no inhibition is detected; EC , (effective concentration, 50) is the toxin concentration giving
50% inhibition; MIC (minimal inhibitory concentration) is the lowest concentration of toxin giving 100% inhibition.

Fig. 10. Photograph of a bioassay resuit using the methodology developed and described here: verrucarin A — rows B and C; roridin A —
rows D and E; T2 toxin — rows F and G. Concentrations of verrucarin A and roridin A were 0, 0.1, 0.5, 1.0, 5.0, 10, 25, 50, 100 and 0
ng/ml in columns 2-]1, respectively. Concentrations of T2 toxin were 0, 0.5, 1.0, 5.0, 10, 25, 50, 100, 250 and O ng/ml, in the same
columns.
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and were used to construct the dose—response curves
given in Fig. 9a—c. For growth, within-assay vari-
ation (%CV) was < 5% in most cases and <10% In
all cases; between-assay variation was greater, with
%CV >10% often seen. In the case of B-galacto-
sidase activity, within-assay variation was low
(%CV mainly < 10%), but, again, between-assay
variation was much greater. By contrast, MTT-cleav-
age showed high levels of both within- and between-
assay variation. Comparison of NEL, EC,, and MIC
for the three parameters (Table 2), as well as
inspection of Fig. 9a-c, shows that inhibition of
B-galactosidase is the clearest and most sensitive
toxicity indicator, with a minimum detection limit of
around 5 ng/ml. This is approaching the sensitivity
shown by tissue-culture assays such as that of
Porcher et al. (1987) using murine lymphocytes,
where the sensitivity is about 1 ng/ml. Other yeast-
based bioassays have reported T2 sensitivity of 40
ng/ml (Schappert and Khachatourians, 1984a) and
20 ng/disk (Madhyastha et al., 1994b) in disk-diffu-
sion bioassays, 5 ng/ml using conductimetry (Con-
nolly and Corry, 1990), and 90 ng/ml using mi-
crotitre dishes and a growth inhibition endpoint
(Binder et al., 1997).

To conclude, a novel yeast bioassay has been
developed which signals toxicity colorimetrically.
An example of the bioassay in use is shown in Fig.
10. The bioassay is very sensitive to at least some
potential mycotoxin contaminants of food and feed,
and may therefore be particularly suitable for adapta-
tion into kit form, subject to the performance of the
bioassay in the presence of food and feed matrices.
The assay shows acceptable reproducibility and
sensitivity comparable to the levels given by tissue-
culture trichothecene bioassays. It is likely that
sensitivity can be improved further by varying
factors such as the use of MMAs and inoculum cell
density.
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We tested a novel colorimetric toxicity test, ba
veromyces marxianus,
nivalenol > deoxynivaleno

of 2 ng/ml. Other mycotoxins (cyclopiazonic acid,
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Bioassays have become increasingly useful for mycotoxin
detection (20, 21) as a precursor to chemical analysis. Bioas-
says provide a rapid means for screening samples and allow the
analyst to make an informed -decision when selecting a more
detailed chemical analysis procedure (2). Kluyveromyces marx-
ianus (GK1005) is particularly sensitive to the trichothecene
mycotoxins (17). This yeast has been used in disk diffusion
bioassays (15) and a conductimetric bioassay (4) for the detec-
tion of trichothecene mycotoxins.

We recently developed a colorimetric bioassay that uses the
inhibition of expression of B-galactosidase as a toxicity indica-
tor (5, 6). With a colorimetric substrate used for the B-galac-
tosidase, toxicity is registered by the K. marxianus cultures re-
maining yellow, rather than turning blue-green, allowing both
visual and spectrophotometric detection. Our objectives were
(i) to evaluate this technique for various mycotoxins, (if) to
establish dose-response relationships for a group of trichothe-
cene mycotoxins with a range of different substituents, and (iii)
to substantiate the usefulness of this bioassay in mycotoxin
detection and investigation.

MATERIALS AND METHODS

Organism and media. K mandanus GK1005 was obtained from the Ministry of
Food and Fisheries, London, United Kingdom. The yeast was routinely main-
tained and grown on 1% (wtjvol) yeast extract, 1% (wtivol) bacteriological
peptone, and 2% (wtivol) glucose (YPG), solidified when required with 2%
(wtivol) agar. Cuitures for inoculation of the bioassay werc prepared by adding
a single colony from an agar plate to 50 ml of YPG-50 liquid medium in a 250-ml
flask and incubating this mixture in a rotary incubator for 16 h at 35°C and 200
rpm. (YPG-50 medium contained 1% [wtivol] yeast extract, 1% [wtivol] bacte-
riological peptone, and 50 mM glucose.) For the bioassay procedure, YPG-50
was supplemented from a stock solution of polymyxin B sulfate (PMBS) (ICN
Biomedicals, Ltd., Thame, Oxfordshire, United Kingdom) to give a final bioassay
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PMBS concentration of 15 pg/ml. Stock solutions of PMBS were prepared in
water, filter-sterilized, and kept no more than 1 day.

Mycotoxin standards. Mycotoxins (Sigma-Aldrich Chemical Company, Ltd.,
Poole, Dorset, United Kingdom) were diluted in spectroscopy-grade methanol
at, typically, 0.1 mg/ml. Absolute concentrations were verified by UV absorbance.
In the initial experiments, we used aflatoxin B, (AFB,), aflatoxin My, (AFM,),
citrinin (CIT), cyclopiazonic acid (CPA), deoxynivalenol (DON), diacetoxyscir-
penol {DAS), fumonisin B, (FB,), ochratoxin A (OTA), patulin (PAT), roridin
A (ROR), sterigmatocystin (STG), T-2 toxin (T-2), tenuazonic acid (TEN),
verrucarin A (VER), and zearalenone (ZEA). Each mycotoxin standard was
tested at final assay concentrations of 10 pg/ml to 0.1 ng/ml (serial 10-fold
dilutions); a 25-pg/ml test concentration also was included for AFB, and AFM,.
For the trichothecene structure-activity study, we used acetyl T-2 (AcT-2), DON,
DAS, fusarenon X (FUS), HT-2 toxin (HT-2), neosolaniol (NEO), nivalenol
(NIV), ROR, scirpentriol (SCR), T-2 tetraol (TET), T-2 triol (TRY), T-2, VER,
at final assay concentrations of 25 pg/ml to 0.1 ng/ml.

Assay procedure. One hundred thirty-six microliters of PMBS-supplemented
YPG-50 medium was added to the wells of a microtiter plate. Eight microliters
of mycotoxin stock solution or methanol (control wells) was added, followed by
16 .l of yeast inoculum, to yield an initial cell density of 2 X 10 cells/ml. Blank
wells contained 152 ! of medium and 8 pl of methanol. Plates were mixed, and
cell density was determined; the plates were sealed with Mylar-plate sealers (JCN
Biomedicals, Ltd.) and incubated in a plate shaker {Wesbart Ltd., Billinghurst,
West Sussex, United Kingdom) at 35°C for the duration of the assay. Cell density
was monitored throughout the assay. When the control wells reached stationary
phase (—10 h, with an Aseo of ca. 1.2), the cultures were assayed for B-galacto-
sidase activity.

Determination of cell density. Cell density was determined by measuring Aseo
with a Titertek Multiscan Plus Mk II microtiter plate reader (Labsystems, Ltd.,
Basingstoke, Hampshire, United Kingdom) connected to an Amstrad microcom-
puter and Titresoft 1.01 software (Labsystems). Asgo Was calibrated by direct
hemocytometer counts, and 1 Ajgo unit corresponded to 1.1 x 10° cells/ml.

Determination of B-galactosidase activity. 5-Bromo-4-chloro-3-indolyl-p-p-
galactopyranoside (X-Gal) (Calbiochem Novobiochem, Ltd., Beeston, Notting-
hamshire, United Kingdom) was dissolved in dimethylformamide (DMF) at 100
mg/ml and stored in the dark at —20°C. This stock solution was used to prepare
a working solution of 20 mg of X-Gal per ml in agueous DMF (2 parts water 10
3 parts DMF) immediately before each assay. Cells were permeabilized by the
addition of 5 pl of 0.1% (wt/vol) sodium dodecyl sulfate and 3 pl of chloroform
to each well. Eight microliters of the X-Gal working solution was then added to
each well, and the plates were incubated at 35°C in the plate shaker for 20 min.
Finally, the plates were read on the microtiter plate reader by using a test filter
at 666 nm and a reference filter at 560 nm.

Construction and use of dose-response curves. Dose-response curves were
constructed for the inhibition of growth and for -galactosidase activity. The
percentage of inhibition of a given end point was determined by comparison with
that of the methano! controls. For each toxin concentration, at least two replicate
wells were used, and for the methanol controls, at least 12 replicates were used.
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Three parameters were calculated by using the dose-response curves: (i) the
no-effect level (NEC), i.e. the highest concentration of toxin at which no inhi-
bition was detected, (ii) the 50% effective concentration (ECsp [the concentra-
tion of toxin at which 50% inhibition was observed]), and (iii) the MIC (i.e., the
lowest concentration of toxin at which 100% inhibition was detected).

RESULTS

Detection of mycotoxins by the colorimetric bioassay. Ini-
tially we evaluated 14 mycotoxins known as natural contami-
nants of foods or feeds or previously reported to be toxic to
K. marxianus (10, 11, 14). Of the 14 mycotoxins tested, only five
trichothecenes could be detected by the colorimetric yeast bio-
assay: DON (25 pg/ml), DAS (1 pg/ml), ROR (1 pg/ml), T-2
(1 pg/ml), and VER (0.1 pg/ml). None of the nontrichothecene
mycotoxins were detected, including CPA, FB,, OTA, PAT,
STG, TEN, and ZEA, the latter at up to 10 pg/ml, and AFB,
and AFM, at up to 25 pg/ml. ’

Structure-activity relationships among the trichothecene
mycotoxins. Thirteen mycotoxins were used to determine if
structure-activity relationships existed within the trichothecene
group of mycotoxins. Dose-response curves (Fig. 1) were used
to estimate the NEC, EC,,, and MIC of each trichothecene.
The curves provide six different estimates of toxicity for each
compound (Table 1). For the most potent toxins (VER, ROR,
T-2, DAS, HT-2, and AcT-2), all six evaluations gave the same
relative order of toxicity. For the less potent toxins, MIC and
EC,,s for inhibition of growth (Table 1) sometimes could not
be determined, which made the exact order of toxicity impos-
sible to establish on this basis. However, the B-galactosidase
assay was more sensitive than the growth assay (Table 1), and
an unambiguous order of toxicity could be determined by using
ECs,s for the inhibition of B-galactosidase activity. This order
was VER > ROR > T-2 > DAS > HT-2 > AcT-2 > neoso-
lanio (NEQO) > FUS > TRI > scirpentriol (SCR) > nivalenol
(NIV) > DON > TET.

DISCUSSION

The insensitivity of K. marxianus to the nontrichothecene
mycotoxins has been previously noted with disk diffusion assays
(10, 11, 15). The apparent insensitivity of K. marxianus to many
mycotoxins, contrasting with the good sensitivity to at least
some trichothecene mycotoxins, suggests that it might be ex-
ploited in a selective bioassay for tricothecenes (11).

Our colorimetric bioassay exhibits as great or greater sensi-
tivity than the other yeast bioassays. For example, considering
the most potent trichothecene, VER, the colorimetric bioassay
gave a MIC of 5 ng/ml (Table 1) compared with a MIC of 120
ng/ml reported by Schappert et al. (16) for a disk diffusion
assay. Expressed slightly differently, the colorimetric bioassay
gave an ECs, of 0.32 ng/well, compared with the minimum
reported detection level (4-mm inhibition zone diameter) of 5
ng/disk reported by Madhyastha et al. (11) for an optimized
disk bioassay. The B-galactosidase~colorimetric end point,
which contributes the main novelty of the bioassay used here,
is more sensitive than inhibition of cell growth—the end point
used in the other yeast bioassays. This sensitivity can be seen
when the inhibition of B-galactosidase dose-response curves
(Fig. 1B and D) is inflected more sharply and at lower toxin
concentrations than the curves for growth inhibition (Fig. 1A
and C); the effect is quantitatively displayed as ECses and
MICs (Table 1). The value of the B-galactosidase end point is
particularly clear for TRI, which was virtually undetected on
the basis of growth inhibition.

The most potent toxins in our assay (Table 1) were VER and
ROR, which have a macrocylic ring between the C-6 and C-4
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FIG. 1. Inhibition of growth and B-galactosidase activity in K marxianus by
trichothecene mycotoxins. Standard deviations for all data points are <10% the
value of the point. (A and B) Inhibition of growth (A) and B-galactosidase
activity (B) of K. marxianus by VER (O), ROR (®), T-2 (A), HT-2 (A), AcT-2
(W), NEO (0), TRI (X), and TET (1). (C and D) Inhibition of growth (C) and
B-galactosidase activity (D) of K marxianus by DAS (®), SCR (Q), FUS (&),
NIV (#), and DON (0).

positions and no substituents at the C-3, C-7 and C-8 positions.
T-2 was the most potent of the nonmacrocyclic trichothecenes
tested, followed by DAS. T-2 and DAS both possess acetoxy
groups at the C-4 and C-15 positions, together with a hydroxy
group at the C-3 position; potency declines greatly when these
groups are absent and/or when keto or hydroxy moieties are at
the C-8 position (Table 1). The HT-2 results show that replace-
ment of the C-4 acetoxy (T-2) by a hydroxy (HT-2) causes a
modest loss in potency (6-fold), whereas the same substitution
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TABLE 1. NEC, ECs,, and MIC estimates for inhibition of growth and B-galactosidase activity of K marxianus by trichothecenes®

Inhibition (uwg/ml) of:

. ) N X . Relative
Toxin type Growth B-Galactosidase induction R
NEC ECso MIC NEC ECso MIC
Group 1 (no oxygen function at the C-8 position [R;])
DAS 0.005 0.18 1.0 0.0065 0.03 0.1 15
SCR 0.1 >25 >25 25 6.0 10 3,000
Group 2 (non-keto oxygen function at the C-8 position [R;])
T-2 0.001 0.05 0.25 0.005 0.012 0.025 6
HT-2 0.01 1 5 0.01 0.07 0.5 35
AcT-2 0.1 8.0 >25 0.1 1.5 5 750
NEO 0.5 20 >25 0.5 2.0 20 1,000
TRI 1.0 >25 >25 0.8 5.0 20 2,500
TET >25 >25 >25 >25 >25 >25 >12,500
Group 3 (ketone at the C-8 position [R,])
FUS 0.1 22 >25 0.7 35 10.0 1,750
NIV 0.1 >25 >25 4.0 14 >25 7,000
DON 0.1 >25 >25 4.0 21 25 10,500
Group 4 (macrocyclic trichothecenes)
VER 0.001 0.008 0.1 0.001 0.002 0.005 1
ROR 0.001 0.018 0.25 0.001 0.004 0.01 2

2 The trichothecenes are arranged in the four chemical groups of Tamm and Tori (18) and are ranked, within each group, in order of potency. The relative toxicities

of the individual toxins are also given, based on their ECsgs, with VER being 1.

at C3 (T-2 changed to AcT-2) causes a much more dramatic
potency reduction (over 100-fold). VER, ROR, T-2 and DAS
stand out as the most potent of the trichothecenes in our yeast
system.

The overall results obtained here are in general agreement
with those from other investigations. A study using K. marxia-
nus in a disk diffusion assay showed the orders of toxicity to be
VER > ROR > T-2 > HT-2 > TRI > TET (16) and T-2 >
DAS > HT-2 > AcT-2 > FUS > TRI > NEO > NIV >
DON > TET (12). By using the Chlorella growth inhibition
assay, AcT-2 and NEO inhibited growth at 1 mg/ml, whereas
TET, NIV, and DON had no effect (9). Two studies of tricho-
thecene lymphotoxicity gave results strongly paralleling those
from our yeast system: one showed a similar decrease in tox-
icity with substitution at C-4 (FUS > NIV > DON) (7). The
other study highlighted the importance for potency of a hy-
droxy at C-3, together with acetoxy groups at C-4 and C-15
(T-2 and DAS), and the decrease in toxicity that occurs when
these groups are absent and/or when there are keto or hydroxy
moieties at C-8 (1). The similarity of the responses of the two
systems indicates the potential application of our test to the
evaluation of trichothecene lymphotoxicity. Again, measuring
inhibition of protein synthesis in cultured Vero (animal) cells,
the order of toxicity was shown to be VER > ROR > T2 >
DAS > HT-2 > NEO > FUS > SCR > TRI > DON >
AcT-2 > NIV > TET (19). This ranking is very similar to that
of our colorimetric bioassay. Our bioassay can also detect some
trichothecenes with a sensitivity comparable to chemical meth-
ods. For example, the ECs, for T-2 toxin in our assay is ap-
proximately 10 ng/ml, compared to 20 to 25 ng per “spot”
needed for detection on a thin-layer chromatography plate (3),
10 ng needed for detection by high-performance liquid chro-
matography (by UV absorption of the p-nitrobenzoate deriv-
ative) (3), and approximately 20 ng needed for detection by
electron impact-selective ion monitoring-mass. spectrometry
detection (3).

In.summary, our colorimetric bioassay is highly sensitive to

a number of trichothecene mycotoxins and showed essentially
similar results to, but greater sensitivity than, other yeast (11,
15) and animal tissue culture (7, 8, 13, 19) bioassays. The
simplicity, speed, ease of replication, and quantification of
results mean this assay is particularly well suited to studies of
possible synergistic and antagonistic interactionsbetween tricho-
thecene mycotoxins and between trichothecenes and other tox-
icants and food components.

ACKNOWLEDGMENTS

This research was supported in part by a SERC-CASE studentship
to K.E. and the Department for International Development of the
United Kingdom.

We also thank J. Gibbs and M. Nagler for technical advice and
assistance and Geoff Cooper, School of Chemical and Life Sciences,
for help with computations.

REFERENCES

1. Bondy, G. S., M. N. Beremand, S. P. McCormick, and J. J. Pestka. 1991.
Murine lymphocyte proliferation impaired by substituted neosolaniols and
calonectrins—Fusarium metabolites associated with trichothecene biosyn-
thesis. Toxicon 29:1107-1113.

2. Coker, R. D. 1997. Mycotoxins and their control: constraints and opportu-
nities. NRI bulletin 73. Natural Resources Institute, Chatham, Kent, United
Kingdom.

3. Coker, R. D. The chromatography of mycotoxins. /n L. Wilson (ed.), Ency-
clopedia of separation science, in press.

4. Connolly, P., and J. E. L. Corry. 1990. Effect of polymyxin B nonapeptide
and polymyxin B sulphate on trichothecene mycotoxin sensitivity of yeast
using a conductimetric instrument. Int. J. Food Microbiol. 10:73-90.

5. Engler, K. 1996. Ph.D. thesis. University of Greenwich, London, United
Kingdom.

6. Engler, K., R. D. Coker, and I. H. Evans. A novel colorimetric yeast bioassay
for detecting trichothecene mycotoxins. J. Microbiol. Methods, in press.

7. Forsell, J. H.,, and J. J. Pestka. 1985. Relation of 8-ketotrichothecene and
zearalenone analog structure to inhibitors of mitogen-induced human lym-
phocyte blastogenesis. Appl. Environ. Microbiol. 50:1304-1307.

8. Hanelt, M., M. Gareis, and B. Kollarczik. 1994. Cytotoxicity of mycotoxins
evaluated by the MTT-cell culture assay. Mycopathologia 128:167-174.

9. Ikawa, M., C. Carr, and T. Tatsuno. 1985. Trichothecene structure and
toxicity to the green alga Chiorella pyrenoidosa. Toxicon 23:535-537.

10. Madhyastha, M. S., R. R. Marquardt, A. Masci, J. Borsa, and A. A. Frohlich.



S

VoL. 65, 1999

11.

12.

13.

14.

15.

16.

1994. Comparison of toxicity of different mycotoxins to several species of
bacteria and yeasts: use of Bacillus brevis in a disc diffusion assay. J. Food
Prot. §7:48-53.

Madhyastha, M. S., R. R. Marquardt, A. A. Frohlich, and J. Borsa. 1994.
Optimisation of yeast bioassay for trichothecene mycotoxins. J. Food. Prot.
§7:490-495.

Madhyastha, M. S., R. R. Marquardt, and D. Abramson. 1994. Structure-
activity relationships and interactions among trichothecene mycotoxins as
assessed by yeast bioassay. Toxicon 32:1147-1152.

Porcher, J. M., C. Lafarge-Frayssinet, C. Frayssinet, A. Nurie, D. Melcion,
and D. Richard-Molard. 1987. Determination of cytotoxicity of trichothe-
cenes in comn by cell culture assay. J. Assoc. Off. Anal. Chem. 70:844-849.
Schappert, K. T.,and G. G. Khachatourians. 1983. Effect of fusariotoxin T-2
on Saccharomyces cerevisiae and Saccharomyces carlsbergensis. Appl. Envi-
ron. Microbiol. 45:862-867.

Schappert, K. T, and G. G. Khachatourians. 1984. A yeast bioassay for
T2-toxin. J. Microbiol. Methods 3:43—46.

Schappert, K. T., H. A. Koshinsky, and G. G. Khachatourians. 1986. Growth

17.

18.

19.

20.

21

COLORIMETRIC TECHNIQUE FOR DETECTING TRICHOTHECENES 1857

inhibition of yeast by T-2, HT-2, T-2 triol, T-2 tetraol, diacetoxyscirpenol,
verrucarol, verrucarin A, and roridin A mycotoxins. J.-Am. Coll. Toxicol. S:
181-187.

Sukroongreeung, S., K. T. Schappert, and G. G. Khatchatourians. 1984.
Survey of sensitivity of twelve yeast genera toward T-2 toxin. Appl. Environ.
Microbiol. 48:416-419.

Tamm, C., and M. Tori. 1984. Trichothecenes, p. 131-182. In V. Betina (ed.),
Mycotoxins. Production, isolation, separation and purification. Elsevier Sci-
entific Publications, Amsterdam, The Netherlands.

Thompson, W. L., and R. W. Wannemacher. 1986. Structure-function rela-
tionships of 12,13-epoxytrichothecene mycotoxins in cell culture: comparison
to whole animal lethality. Toxicon 24:985-994.

Watson, D. H., and D. G. Lindsay. 1982. A critical review of biological
methods for the detection of fungal toxins in foods and feedstuffs. J. Sci.
Food Agric. 33:59-67.

Yates, 1. E. 1986. Bioassay systems and their use in diagnosis of mycotoxi-
coses, p. 333-381. In J. L. Richards and J. R. Thurston (ed.), Diagnosis of
mycotoxicoses. Martinus Nijhoff, Dordrecht, The Netherlands.



OUTPUTS

The project outputs, which have been described in the previous sections, may be

summarised as follows:

o asimple, highly specific K. marxianus micro-titre dish bioassay for the
detection of the trichothecene mycotoxins which shows superior sensitivity
and end-point detection when compared with published procedures

o methods for isolating preparations of purified microsomal particles from K.
marxianus and Saccharomyces cerevisiae

o measurements of the cytochrome P450 content of the yeast microsomal
preparations (a) using carbon monoxide difference spectroscopy and (b) by
spectroscopic analysis of benzo(o)pyrene binding to P450

o a description of the uptake and metabolism of aflatoxin B and T-2 toxin by
K. marxianus and Bacillus megaterium

o an understanding of the effect of methanol and polymyxin B sulphate on
the permeability of K. marxianus to aflatoxin By and T-2 toxin

o acomparison between the effectiveness of the simple yeast bioassay and a
sophisticated turbidimetric device (the Bioscreen) for the detection of
aflatoxin B and T-2 toxin

o data describing the structure/activity relationship between the simple yeast
bioassay and selected trichothecene mycotoXins

o preliminary evidence of the sensitivity of Bacillus megaterium towards

aflatoxin B

CONTRIBUTION OF OUTPUTS

The project outputs contribute towards the development of strategies which improve
the food security of poor households. Specifically, bioassays have an important role
to play in the control of food safety, providing simple, cost-effective means of
monitoring toxicity, and a vehicle for evaluating the toxic mechanism. For example,
the project outputs have led to the production of a simple, effective bioassay for the

detection of the trichothecene mycotoxins together with an understanding of the
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uptake, binding and metabolic fate of aflatoxin By and T-2 toxin when applied to

cultures of K. marxianus and Bacillus megaterium.

A better understanding of the behaviour of toxins will facilitate the establishment of
preventative, food safety management systems which can be applied in rural areas in

developing countries.

The concept of the yeast bioassay is being further developed, using HEFCE funds,
utilising yeasts which have been genetically engineered to express human cytochrome
P450 monooxygenases. The application of the yeast bioassay will be extended to
additional mycotoxins, with varying metabolic profiles, in order to study the
possibility of discriminating between toxins, and of evaluating the results of

interactions between them.

The following attached publications have been produced.



