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A bstrac t. Public co n cern  abou t environm ental and 
health  effects from  the disposal o f  residues from  the 
m anufactu re  o f  ag ricu ltu ral and  industrial process 
chem icals into landfills led to the passage o f the 
C o m p reh en s iv e  E n v iro n m e n ta l R e sp o n se , C om ­
p ensation  and  L iability  A ct o f  1980, com m only  re­
fe rred  to  as the “ S u p erfu n d " Law . O ne m ethod o f 
defining the p o ten tia l tox ic ity  o f  these  chem ical re s ­
idues is the use o f  b io assay s, a num ber o f which 
use b ac te ria  as the  te s t organism  and have been 
p roposed  to  assess  the im pact o f chem ical pollu­
tan ts on the env iro n m en t. E fforts w ere d irected  to ­
w ard the estab lishm en t o f  short-term  m ethods that 
are  inexpensive , rap id , reproducib le  and  sensitive. 
A m ajor advan tage  o f  m icrobial tox icity  te s ts  over 
chem ical analysis is th e ir  d irect assessem en t o f  po­
te n tia l b io tic  im p ac t w ith o u t e x tra p o la tio n  from  
chem ical analysis o f  uncerta in  com pleteness. It was 
th e  in ten t o f  th is p ap e r to  evaluate  the rela tive sen ­
sitivity , p rec is io n , and  accu racy  o f th ree  published 
m icrobial b ioassay  p ro ced u res  fo r ascerta in ing  their 
ability  to  define the tox ic ity  po ten tia l a t hazardous 
w aste  sites.

M aterials and Methods
i«

C hem icals

The following chemicals were tested with all three methods: Re­
agent grade cupric chloride and pesticide grade acetone
((CHsjjCO) and methanol (CHjOH). Some, but not all, tests 
were performed with reagent ^ i^ e  potassium cyanide (KCN), 
zinc chloride (Zn^^), mercuric chloride (Hg"^^, sodium arsenite

(As*^), sodium arsenate (As*^). arsenic trioxide (As'^) and cad­
mium chloride (Cd*’).

Toxicity Tests

The Microtox test (MTX) was performed by the procedure de­
tailed in the Beckman' Microtox System Operating Manual 
(1982). Samples were incubated for 5, 15. and 30 min. Two rep­
licates of each concentration were tested.

The resazurin reduction method (RR) was performed by the 
procedure detailed by Liu (1981). Mixed bacterial cultures were 
obtained from activated sludge collected at the Taylor Municipal 
Water Treatment Plant. Corvallis, Oregon, which does not re­
ceive wastewater from chemical or manufacturing industries. 
Fifty mi of 1/10 strength Difco nutrient broth, fortified with 200 
mg/L each glucose and sodium acetate, were added to a 125-mi 
Erlenmeyer flask and inoculated with 0.1 ml of fresh activated 
sludge. After overnight growth on a shaker at 2 rC , 0.1 ml of 
the culture was transferred into another flask containing fresh 
medium. The transfer was repeated for two weeks so that an 
active stabilized mixed culture was established. In addition, a 
pure culture of Escherichia coli (ATCC 10536) was assayed to 
permit comparison with the mixed culture (Corvallis sewage iso­
late = CSI) from the local sewage treatment plant. Four repli­
cates of each concentration were tested.

The dissolved oxygen depletion (DOD) test followed the pro­
cedure outlined by Bauer (1981) with the following exceptions: 
(I) activated sludge was not collected for each experiment. The 
method of Liu (1981) was used: (2) cultures were incubated at 
21 rather than 25‘’C; and (3) replicate concentrations were not 
assayed within a test, but replicate tests were performed. Each 
test consisted of one control and four toxicant concentrations. 
Dissolved oxygen was measured with Orion Research O2 elec­
trodes interfaced through a model 605 electrode switch that was 
connected to an Orion model 701a digital pH meter.

* Mention of trade names or products does not constitute en­
dorsement by the Environmental Protection Agency.



this cu ltu re . In  add ition , D M SO , D M F, and hexane 
in d u ced  th e  lea s t to x ic ity  fro m  ca p ta n , w hile in ­
ducing synergistic  in terac tion  responses, again w ith 
P esta io tia  sp . The reasons fo r these  response  p a t­
te rn s  are  unclear. The d a ta , how ever, em phasize 
the im portance o f  choosing appropria te  solvents fo r 
b ioassays.

T he effect o f  so lvent-pestic ide in terac tions is o f  
p rim a ry  c o n c e rn  in all to x ico lo g y  re se a rc h . It is 
possib le th a t com pounds have been  labelled as en ­
vironm entally  safe o r unsafe , o r industrially  feasible 
o r  nonfeasible, as a  resu lt o f  erroneous toxicity  d a ta  
re su ltin g  from  an  a n ta g o n is tic  o r  sy n erg is tic  so l­
vent-tox ican t in teraction  (S tra tton  e t al. 1982). To 
re d u c e  th is  r isk , so lv e n t-p e s tic id e  in te ra c tio n s  
should  be  elim inated  from  b ioassays by the ad o p ­
tion  o f  appropria te  analy tical techn iques, such as 
those  used  in the p resen t study. The d a ta  outlined 
herein  describe the m agnitude o f solvent problem s 
associa ted  w ith b ioassays, including the role o f sol­
v e n t ty p e  an d  c o n c e n tra t io n  in in te ra c tio n  r e ­
sponses. It is recom m ended th a t so lvent toxicity  
screenings be perform ed p rio r to  b ioassay  experi­
m en ts, and  tha t the least toxic solvent be chosen  
and  su b jec ted  to  e v a lu a tio n  using an  in te ra c tio n  
analysis technique (S tra tton  e t al. 1982), in o rd e r to  
choose  a  so lvent co n cen tra tion  tha t in terac ts  addi- 
tively w ith  the te s t com pound used. This will p re ­
vent the a rb itrary  use o f  inadequate  solvents and 
w ill e lim in a te  th em  as a so u rc e  o f  e r ro r  fro m  
b ioassay  experim ents.
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Table 1. Comparison of relative toxicity (EC50 from eight laboratories reported as mg/L) derived from 5-minute exposures of the 
microtox organism Photohaaerium sp

Toxicant
US EPA" 
1984

Beckman
1981

Dutka 
et al 
1981

McFeters 
el al 
1983

Qureshi 
et al 
1983

Curtis 
et al 
1983

De
Zwart 
et al 
1983

Indoraio 
et al 
1983

Mean
(mg/L)

Standard
deviation

c.v.**
(%)

0.05 O.OI 20.00
7.20 7.70 107.00
3.57 0.00 —

8.39 5.11 60.90
51.91 58.63 112.95
32.34 10.84 33.52
73.73 0.00

260.92 247.79 94.97
18595.00 4505.15 24.23

141500.00 23334.50 16.49

Mercury as Hg 
Copper as Ca 
Sodium arsenate 
Cyanide as CN 
Zinc as Zn 
Sodium arsenite 
Arsenic trioxide 
Cadmium as Cd 
Acetone 
Methanol

0.06
1.21 
3.57 
4.77 

11,98 
24.67 
73.73 — 

105.59 100.00 
12364.00 — 

158000.00 —

0.07
3.50

12.00
26.00
40.00

0.06
19.50

14.00

0.04
9.94 1.84 —

0.03 —

2.24
152.07 55.50 —

255.00 154.00 — 690.00 —
18250.00 — 21500.00 22270.00 —
— — 125000.00 — —

® Results produced from this study 
^C.V. *  standard deviation/mean x 100

S ta tis tica l A na lysis

Mean and standard deviations (SD) of the biological effects were 
calculated for replicate lest concentrations. The percent effect 
was calculated by the following formula:

Effect = Test -  Control 
Control

Linear regression analysis was performed on the data using 
chemical concentration (mg/1) as the x-axis and percent effect as 
the y-axis. An EC50 concentration was calculated using the equa­
tion derived in the regression analysis.

Results and  Discussion

E C 50 values o f severa l se lec ted  tox ican ts  a re  show n 
in Table 1. The resu lts  o f  5 min exposures ob ta ined  
in eight labora to ries using M TX  assays show  there  
a re  problem s o f reproducib ility  be tw een  lab o ra to ­
ries, i>., 112.95 and  107% coefficien t o f  v aria tion  
(CV  =  standard  dev iation /m ean  x 100) fo r zinc and  
copper, respectively . T he chem icals in Table 1 are 
listed  in o rd e r o f m ost to  th e  least tox ic , as d e te r­
m ined by o u r stud ies. R egardless o f  the  abso lu te  
EC 50 co n cen tra tio n , six  o f  the seven lab o ra to ries 
iden tified  this sam e tox ic  response  pa tte rn .

P o ten tia l causes o f  variability  in resu lts  b e tw een  
te s ts  and  labora to ries w ere  sum m arized by  D u tka  
and  K w an (1981): (1) du ra tion  o f the a ssay  (5, 15, 
30 m in incubation); (2) u se  o f  different form ulations 
o f  specific tox ican ts  to  yield the desired  e ffec t; (3) 
sam ple  p H  an d  so lu b ility ; (4) m e th o d s o f  d e te r ­
m ining tox ican t concen tra tio n s {i.e ., m easu red  vs 
calcu lated ); (5) inaccu racies in  th e  p rep ara tio n  o f  
sam ple d ilu tions and  p ipetting  sam ple a liquo ts; and  
(6) d iss im ila r d a ta  re d u c tio n  and  a n a ly s is  p ro c e ­
du res.

T he varia tion  in resu lts caused  by exposure  for 
sev e ra l ch e m ic a ls  is g iven  in  Table 2. A ll o f  the 
heavy  m etals and  cyanide becam e m ore toxic with 
tim e. A cetone  exhib ited  no change in toxicity  from
5 to 30 min incubations. In  co n trast, m ethanol w as 
only one-h a lf as toxic a fte r 15 and 30 min incubation 
w hen com pared  to  resu lts a t 5 m in. T hese changes 
m ay reflec t lethal accum ulation , kinetic effects on 
enzym e sy stem s o f th e  b ac te ria , o r  the  effects o f 
volatilization  o r m etabolic degradation.

E C 50 values o f  selected  tox ican ts , derived from 
the 15 min M T X  assay, are  com pared  in Table 3. 
T he tren d  in tox icity  from  the least to  the m ost toxic 
chem icals is th e  sam e as fo r th e  5 min exposed  bac­
terium  w ith  the excep tions o f  cyanide and cadm ium  
w h ich  b ecam e m ore tox ic . O f particu lar in te rest is 
the sim ilar p rec ision  o f  d a ta  ob tained  w ith 5 and  15 
min M T X  te s ts . The m ean  C V  for all o f  the chem ­
icals rep o rted  in Tables 1 and  3 fo r 5 and 15 min 
ex p o su res  a re  58.9 and  57.1, respectively.

C o p p er w as used  to  develop  a  quality  contro l data  
base  fo r all m icrobial te s ts  perform ed in ou r labo­
ra to ry . R esu lts  o f  31 M TX  te s ts  perform ed by five 
tech n ic ian s from  N ovem ber 1982 to  A ugust 1984 
a re  rep o rted  in  Table 4. P recision  o f  the  5, 15, and 
30 m in  ex p o su res , based  on  th e ir  CV , are 68 , 46, 
and  26% , respectively . C o p p er becam e m ore toxic 
w ith  tim e. T he E C 50 values ranged from  1.21 to  0.23 
m g co p p e r/L  fo r 5 and  30 m in exposu res, respec­
tively. T h ese  copper re sp o n se  values support the 
d a ta  rep o rted  in  Table 2, w here heavy m etals and 
cyan ide  w ere  m ore tox ic w ith  prolonged exposure 
tim e.

A n o th e r  s e r ie s  o f  te s ts  w ith  c o p p e r  w ere  co n ­
d u c ted  w ith  th e  test developed  by L iu  (1981). This 
te s t is  based  o n  the reduc tion  o f  resazurin  by mi­
crob ia l dehydrogenase . T he se ries o f  copper te s ts



T able 2. C om parison o f relative toxicity for different incubation periods m easured with the Beckman M icrotox system

ECjo (mg/L)

Toxicant 5-Min 15-Min 30-Min 60-Min 90-Min

M ercury as Hg 0.06 0 . 0 2 0 . 0 1 __ _
C opper as Cu 1 .2 1 0.28 0.23 0 . 1 2 —
Sodium  arsenate 3.57 1.73 1.60 __ __
Cyanide as CN 4.77 1.40 0.61 — __
Zinc as Zn 11.98 1.56 0 . 8 6 0 . 6 8 0.67
Sodium  arsenite 24.67 18.39 16.60 __ __
Arsenic trioxide 73.73 43.56 33.39 31.43 __
Cadmium  as Cd 102.59 25.43 13.79 3.85 2,97
Acetone 12364.00 12601.00 13213.00 — —
M ethanol 158000.00 284400.00 323900.00 — —

Table 3. C om parison o f toxicity data from different laboratories derived from 15 minute exposures in the M icrotox assay

De

Toxicant

“US EPA 
1984

Beckman
1981

Dutka 
et al
1981

Qureshi 
et al 
1983

Zwart 
et al 
1983

Mean
Standard
deviation C.V.̂ *EC50 (mg/L)

Mercury as Hg 0 . 0 2 _ 0.05 — 0 . 0 2 0.03 0 . 0 1 33.33
Copper as Cu 0.28 0.80 3.80 0.28 — 1.29 1.69 131.01
Sodium arsenate 1.73 _ — — — 1.73 0 —
Cyanide as CN 1.40 4.00 2.80 — — 2.73 1.30 47.62
Zinc as Zn 1.56 4.00 3.50 6.08 — 3.79 1 . 8 6 49.08
Sodium arsenite 18.39 26.00 — — — 2 2 . 2 0 5.38 24.23
Arsenic trioxide 43.56 — — — — 43.56 0

Cadmium as Cd 25.43 2 0 . 0 0 — 41.40 140.49 56.83 56.51 99.44
Acetone 12601.00 — — — 28940.00 20770.50 11553.40 55.62
Methanol 158000.00 — — — — 158000.00 0 16,49

* Results produced from this study 
^ C.V. =  standard deviation/m ean x 100

w ere perfo rm ed  w ith e ith e r a  m ixed cu lture  from  
sew age (CSI) o r  a pure  cu lture  o f  E. coli. The m ean 
E C 50 co n cen tra tio n  observed  fo r copper using the 
C SI w as 1.67 m g/L. T he copper EC 50 value for E. 
coll increased  to  2.51 m g/L ('feble 5^  A statistical 
com parison  o f  the  E C 50 values fo r bo th  cu ltu res p re ­
s e n te d  in  T able 5 sh o w e d  d iffe re n c e s  in C V  o f 
26.95%  (CSI) and  38.65%  (£ . coli). A  num ber o f 
additional te s ts  w ere perform ed to  determ ine the 
cause  o f  th ese  varia tions^ Five tox icity  te s ts  w ere 
perfo rm ed  by  th ree  d ifferen t technicians and their 
resu lts  a re  show n in Table 6. T he m ean EC 50 con- 
c e ti tra t io n  fo r  c o p p e r  w as  1.86 tng /L . T h is  fa lls 
w ith in  th e  range o f  th e  results show n in Table 5. 
T here  w as a high deg ree  o f  e rro r betw een  the non­
s tre ssed  sam ples as ev idenced  by the 129.3% CV 
betw een  the five te s t con tro ls . The C V  fo r the five 
E C 50 co n cen tra tio n s  w as 16.7%, indicating tha t re ­

gard less o f  the  num ber o f  cells available a sim ilar 
EC 50 co p p er co n cen tra tio n  effectively blocked d e ­
hydrogenase  p rod u ctio n . In  the next series o f  te s ts , 
th ree  techn icians each  added  3.5 mg copper/L  to 
ten  flasks to  de term ine  th e ir ability to  rep roduce  
in h ib ito ry  e ffec ts  fro m  re p lic a te  c o n c e n tra tio n s . 
T he g rea test C V  (Table 7) w as 4.45% , and the m ean 
C V  fo r th e  th re e  te c h n ic ia n s ’ E C 50 v a lu e s  w as 
3.34% . T h ese  d a ta  su p p o rt ou r prev ious o b serv a­
tion  th a t E C 50 o r  g rea te r concen tra tions o f  copper 
m ask th e  v aria tion  betw een  replicates.

E scherich ia  co li had  a  bi-m odal response to  the 
co p p er (F igure I). T h ere  w as a  linear decline in d e ­
h y d ro g en ase  p ro d u c tio n  w ith  in c rease  in co p p e r 
co n cen tra tion  up  to  2 m g/L  (r^ =  0.95), bu t from  2 
to  12 m g/L th e  biological effect o f  copper p la teaued  
a t 60.6%  inhibition . C o p p e r tox icity  again increased  
fro m  12 to  32 m g /L  u n til  98%  in h ib itio n  w as



Table 4. Toxicity o f C opper (as Cu^ ■̂) in the M icrotox A ssay after exposures from 5 to 60 minutes

EC 50 (mg/L)

Test Technician*
Exposure time

num ber Date number 5-Min 15-Min 30-Min 60-Min

1 U/18/82 5 3.00 0.19 0.29 _
2 B 5 2.93 0.24 0.29 —
3 C 5 — 0.16 0.24 —
4 D 5 — 0 . 2 0 0.23 —
5 E 5 — 0 .2 ! 0.24 —
6 F 5 — 0 . 2 2 0 . 2 1 —
7 G 5 — 0.37 0 . 2 2 —
8 H 5 — 0.43 0.27 —
9 5 — — 0.26 —

1 0 i 5 — — 0.29 —
11 K 5 — _ 0.27 —
1 2 L 5 — _ 0.25 —
13 M 5 — _ 0.33 —
14 12/12/82 5 1 .2 1 0.55 _ _
15 12/17/82 5 0.92 0.33 _ _
16 12/20/82 5 1.27 0.29 0 . 2 0 0.15
17 12/27/82 5 0.69 0.24 0.19 —
18 B 5 1.19 0.34 — —
19 06/20/83 5 1 .2 1 0.60 _ _
2 0 B 5 0.75 0.35 _ —
2 1 06/23/83 5 1.59 0.47 0.28 —
2 2 B 5 1.58 0.35 — —
23 01/18/84 4 2 . 2 1 0.30 0.23 —
24 B 4 1.78 0.36 0.23 —
25 07/18/84 3 0 . 2 2 0.13 — —
26 07/19/84 I 0 . 6 6 0.13 0.08 —
27 07/20/84 2 0.38 0.13 0 . 1 2 —
28 07/23/84 1 0.41 0.13 0 . 1 2 —
29 08/24/84 2 0.59 0.19 _ —
30 B 2 0.39 0.07 _ —
31 08/28/84 2 — 0.31 0.17 0 . 1 0

Minimum 0 . 2 2 0.07 0.08 0 . 1 0

Maximum 3.00 0.60 0.33 0.15
Mean 1 .2 1 0.28 0.23 0 . 1 2

S.D. 0.82 0.13 0.06 0.03
C.V. i%)^ 67.77 46.43 26.09 25.00

* Each of the five technicians was assigned a number to allow for comparison of their individual test results
C.V. = standard deviation/mean

ach ie v e d  a t  32 m g /L . A n im p o rta n t o b se rv a tio n  
from  this in fo rm ation  is th a t w hen the co p p er con ­
cen tra tio n  is below  2 m g/L  th e re  is a  m arked  in­
c rease  in the CV  w ith decreasing  copper co n cen ­
tra tion .

Six te s ts  w ere perfo rm ed  by one techn ic ian , using 
C S I, (Table 8) th a t re su lted  in an  E C 50 o f  2.24 mg 
co p p er/L  and  a  goodness o f  fit (r^) o f  0.85. T hese 
te s ts  d em o n stra ted  an increase in th e  CV  w ith  de­
c rease  in co p p er co n cen tra tio n . Table 9 illustra tes 
s im ila r  r e s u lts  p ro d u c e d  by  a n o th e r  te c h n ic ia n  
using E . coli.

Six add itional m etal sa lts and  organic com pounds

w e re  te s te d  fo r  to x ic ity  by  th e  R R  in h ib itio n  
m e th o d . T h e  re s u lts  (Table 10) fo llow  th e  sam e 
o rd e r (from  lea s t to  m ost toxic) as th a t show n in 
Tkble 1 fo r th e  M TX tes ts . T he R R  sensitiv ity  was 
sim ilar to  M T X  for m ethanol te s ted  w ith  £ .  co/i, 
bu t w as 23 tim es less sensitive than  the M TX assays 
in  p re d ic tin g  to x ic ity  o f  cad m iu m . T h e  R R  E C ^  
co n cen tra tio n s repo rted  in Table 11 com pare favor­
ab ly  w ith  th e  results published  by L iu (1981) and 
G a ie tt et. al. (1983). T hey  a re  certa in ly  no w orse 
th an  th e  lite ra tu re  com parisons fo r M TX  illustrated  
in Table 2. T he results o f  the  R R  co p p er te s t series 
d em o n stra te  th a t there  is a  rem arkab le  degree o f



Table 5. The effect of copper on pure and mixed bacterial cul­
tures using Liu’s resazurin reduction method at 21“ C

Mixed culture £. coli (ATCC 10536)

mg/L

EC, EC50

2.606
2.133
1.364
1.574
1.511
1.401
1.236
1.194
1.311
1.386
2.278
1.999
1.733

0.77
0.65

0.98
0.83
0.86
0.72
0.94
0.74
0.82
0.81
0.68

4.355
3.212
2.265
2.0%
1.797
2.325
1.512

0.91
0.88
0.95
0.86
0.93
0.77
0.%

Summary:

Mean
Standard deviation 
C.V. {%Y

1.67
0.45

26.95

0.80 2.51
0.97

38.65

0.89

C.V. = standard deviation/mean x 100

Table 6 . Comparison of the effect of technicians on the ECjo of 
copper measured by the resazurin reduction assay

Technician mg Copper/L

EC30 r- D.F.

3 2.265 0.95 2
2 2.096 0.86 3
3 1.638 0.98 3
1 1.797 0.93 4
I 1.512 0.96 3

Summary:

Mean
Standard deviation
C.V. (%)«

1.86
0.31

16.67

0.94

* C.V. = standard deviation/mean x 100

repeatab ility  o f  th e  E C 50 concen tra tions in spite of 
th e  grea t variab ility  o f  resu lts a t low  copper con­
cen tra tio n s. B o th  th e  E. co li and C SI ap p ear unable 
to  p roduce  quan tities  o f  dehydrogenase  consisten t 
w ith  th e  c o n c e n tr a t io n  o f  c o p p e r  to  w h ich  th ey  
w ere  exposed . H o w ev er, because there  w as a pla­
teau  in th e  re sp o n ses  o f  th e  b acteria  to  copper con­
c e n tra t io n s  f ro m  2 to  12 m g /L , th e  E C 50 va lu es  
w ould  alw ays fall n ea r 2  m g/L, regard less o f  the 
s lope  o f  th e  line  c a lc u la te d  by  lin e a r  reg ressio n  
an a ly s is  (F ig u re  1). C o p p e r  to x ic ity  re su lts  m ea-

Table 7. Pipetting reproducibility among three technicians using 
coppcr

Mg Cu/L
%
Effect

Standard
deviation

C.V.«
(%)

D.F.
(N-2) Technician

3.5 -66.15 1.75 2.65 7 1
3.5 -70.34 3.13 4.45 8 2
3.5 -67.77 2.71 3.99 8 3

Summary:

Mean % 
Effect 

S.D. 
C.V.

-67.75
2.26
3.34%

C.V. = standard deviation/mean x 100

Fig. 1. The effects of copper on E. coli measured by the Resa­
zurin Reduction method

Table 8. Variation in copper EC50 results in tests performed by 
technician Number 5 with mixed bacterial cultures

% Standard C.V.» D.F.
Mg Cu/L Effect deviation (%) (N-2)

0.25 - 8.1 3.61 44.57 1
0.50 -25.2 n.65 46.23 3
1.00 -39.1 14.09 35.99 13
2.50 -69.2 7.45 10.77 13
5.00 -80.8 —  -5.89 7.29 10

10.00 -81.2 6.76 8.33 8

Summary:

EC50 2.24 mg Cu/L
r2 0.85
D.F. 3.00

* C.V. = standard deviation/mean x 100

sured  by the D O D  m ethod  o f B auer e t al. (1981), 
a re  i l lu s tr a te d  in  T ab le  12. F iv e  te s ts  w e re  c o n ­
d u c te d  to  d e f in e  th e  re p ro d u c ib ili ty  o f  th e  te s t  
m ethod . U nlike B au er (1981), w ho used  b acteria



Table 9. Two tests performed by technician Number 3 using 
pure cultures

Mg Cu/^

Summary:

EC50
r̂
D.F.

Effect
Standard
deviation

1.83 mg Cu/L
0.94
3.00

C.V.‘
(%)

*C.V. = standard deviation/mean x 100

D.F.
(N-2)

0.38 0.05 0.92 1838.48 0
0.75 -2.05 0.64 31.04 0
1.00 - 8.20 14.14 172.47 0
1.50 -35.65 28.78 80.73 0
2.00 -61.80 2.02 3.27 0

Table 10. Comparison of toxicity for several chemicals mea­
sured by the resazurin reduction assay (RR)

EC50 (mg/L)

Ratio^ Ratio
Toxicant CSI^ RR/CSI E. coli RR/CSI

Mercury as Hg 0.91 15.00 _ __

Copper as Cu 1.67 1.40 2.51 2.1
Cyanide as CN 14.77 3.10 — —

Zinc as Zn 264.88 22.00 — —

Cadmium as Cd 2400.00 23.00 — —

Acetone 123640. 7.80 129489. 10.5
Methanol 264765. 1.70 144534. 0.9

** The ratio is the ECjo value of the resazurin r 
by EC50 value from the microtox assay results 
^ CSI = Corvallis sewage isolate

Table 11. Comparison with other published results of toxicity (mg/L) found by a 90-minute resazurin reduction assay

Toxicant

US EPA

CSP £. coli
Liu
1981

Gillett 
et al 
1983 Mean S.D.

C.V.'’
{%)

H g -
CN-
Acetone
Methanol

0.91
14.77

96394.00
264765.00

0.75
28.00

129489.00
144534.00

98000.00
96000.00

0.83
21.39

107961.00
168433.00

O.Il
9.36

18661.10
86883.70

13.3
43.8
17.3 
51.6

* CSI = Corvallis sewage isolate 
^C.V. = standard deviation/mean x 100

from  isolated  fresh  sew age, w e chose  to use  pure 
cu ltures o f  E. coli fo r this portion  o f  our research .

The tests  spiked w ith 3.5 mg copper/L  had CV 
betw een  replicate flasks from  4 to  63% , w ith a  four- 
test average m ean o f  approx im ately  60%. This w ide 
range in accu racy  is a ttrib u ted  to the inconsistency  
o f  the response  o f the b acteria  to  the toxin a t low 
c o n c e n tra tio n s  r a th e r  th an  tech n ic ian  e rro r. T he 
19.36% inhibition caused  by 3.5 mg copper/L  m ea­
sured by D O D  is sim ilar to  tha t obtained  w ith 1.5 
mg copper/L  m easured  by RR (Table 9). A lthough 
the sensitiv ity  o f  the  DOD m ethod to  m easuring 
copper tox icity  is less than  RR the repeatab ility  o f 
effects a t low  and  m id-range (5 m g/L) copper con­
cen tra tions is m uch better. In  the 11 te s ts  show n in 
Table 12, each  techn ic ian  had  a te s t w hose m ean 
effect w as substan tia lly  different than  the o thers at 
tha t sam e copper concen tra tion . H ow ever, a t each  
concen tra tion , the te s t w ith the unusual resu lts  w as 
perform ed by a d ifferen t technician . F o r exam ple, 
the second te s t by  techn ic ian  T-3 yielded 36.65% 
inhibition a t a  co n cen tra tio n  o f  3.5 mg copper/L . 
T he m ean E C 50 value o f  the  preced ing  th ree  tests  
w as 13.6% inhibition  o r  only 37% as inhibited  as the 
resu lts from  the last test by T-3. A  sim ilar p a tte rn

o ccu rs  fo r techn ic ians T-2 a t 5.0 mg/L and  T -l at 
7.0 m g/L . F u rth erm o re , com parison  o f the tw o tests 
sp iked w ith 3.5 m g/L perform ed by T-3 p roduced  a 
m ean effect o f  25.6%  inhibition  w ith a standard  de­
v iation  o f  15.63. The 61.05%  CV  calcu lated  from  
these  resu lts  m atches w ith  the 57.6 and  62.9%  CV 
from  T - l and  T-2, respectively .

D isso lved  oxygen dep le tion  resu lts o f  ex tended  
ex p o su res  o f  E . coli to  co p p er (Table 13) d isp layed  
the sam e p a tte rn  o f  e rra tic  and  unpred ictab le  re­
covery  ra te s  th a t are  seen  in o th e r  te s ts  o f  sublethal 
co n cen tra tio n s  o f to x ican ts . T he 3.5 m g/L concen­
tra tio n  o f  co p p e r th a t p roduced  19.36% inhibition 
w ith  a b rie f ex p o su re  p ro d u ced  511.7%  m ore DOD 
(stim ulation) th an  th e  con tro ls  after ex tended  ex­
p o su re . O n th e  o th e r hand , the 5.0 m g/L concen ­
tra tio n  had  ex ceed ed  the ability  o f  the  system  to 
detox ify  th e  co p p er a n d  the ex tended  inhibition  was 
g r e a te r  (9 3 .1 % ) th a n  th e  b r ie f  e x p o su re  e ffec ts  
(19.36% ). C om parison  o f  the b rie f and  ex tended  ex­
p o su re  D O D  resu lts a re  rep o rted  in Tkble 14. In  
sp ite  o f  th e  v a r ia tio n s  o f  re su lts  w ith in  rep lica te  
flasks and  b e tw een  te s ts , the  E C 50 concen tra tions 
fo r bo th  b r ie f  and ex ten d ed  exposu res are  rem ark­
ably c lose. T h e  goodness o f  fit (r^) values fo r the



Table 12. Comparison of the reproducibility of results within and between tests and technicians (T) using the dissolved oxygen depletion 
method and a brief exposure (30 min) of E. colt

Copper
Replicate
num ber T-1 T-2 T-3 T-3

Mean
of
all tests

3.5 mg/L 1 “ 7.30 -2 5 .0 0 -1 5 .2 0 -2 9 .1 0 _
2 -1 7 .1 0 - 1 0 . 2 0 -  14.50 -3 3 .3 0 —
3 -6 .3 0 -1 1 .4 0 -1 4 .7 0 -3 8 .5 0 —
4 -2 1 .8 0 -5 .9 0 -1 3 .8 0 -4 5 .7 0 —

Mean -1 3 .1 3 -1 3 .1 3 -1 4 .5 5 -3 6 .6 5 -1 9 .3 6
S.D. 7.56 8.26 0.58 7.15 11.54
C.V. {%) -5 7 .5 8 62.91 3.99 19.52 59.61

5.0 mg/L 1 -3 9 .9 0 -2 2 .3 0 -5 2 .8 0 _ _
2 -4 3 .9 0 -1 6 .0 0 -5 5 .6 0 — —
3 -5 8 .8 0 -1 2 .8 0 -5 1 .4 0 — —
4 -4 3 .2 0 -1 7 .0 0 -4 5 .8 0 — —

Mean -4 6 .4 5 -1 7 .0 3 -5 1 .4 _ -3 8 .2 9
S.D. 8.42 3.95 4.12 — 18.58
C.V. (%) 18.12 23.18 8 . 0 2 — 57.54

7.0 mg/L 1 -8 2 .9 0 -6 1 .4 0 -6 2 .8 0 -6 5 .4 0 —
2 -8 3 .8 0 -5 8 .9 0 -5 9 .1 0 -6 5 .1 0 —
3 -8 4 .2 0 -6 4 .6 0 -5 8 .0 0 -5 3 .5 0 —
4 -8 7 .3 0 -6 L 8 0 -5 3 .8 0 -6 2 .6 0 —

Mean -84 .53 -6 1 .6 8 -5 8 .4 3 -6 L 6 5 -6 6 .5 7
Standard deviation 1.94 2.33 3.70 5.58 12.07
C.V. (% r 2.30 3.79 6.34 9.05 18.13

C.V. = standard deviation/mean x lOO

Table 13. Comparison of the effects of copper in extended dis­
solved oxygen depletion tests using E. coli

Concentraiioa
(mg/L)

Extended exposures

Mean % 
effect

Standard
deviation

C.V.“
(%)

D.R
(N-2)

3.50 + 511.70 504.9 98.7 14
5.00 -93.10 6.8 7.3 19
7.00 -81.00 40.3 49.7 10

* C.V. = standard deviation/mean x 100

brief expo su res  are  very  good a t 0.70 and above. 
H ow ever, the  low er r* values in the ex tended  tests  
re f le c t  th e  e r ra t ic  b e h a v io r  o f  th e  c u ltu re s  a t ­
tem pting to  overcom e th e  tox ican t effects.

^ a u e r  e t al. (1981) repo rted  th e ir d a ta  using ac­
tiv ity  qu o tien ts  (AQ). Since the activ ity  quotient 
has little value in ou r m ethod  o f reporting  data  we 
c o n v e rte d  B a u e r ’s d a ta  (1981, F ig u re  2) to  E C 50 
v a lu e s . T h e  c o n v e rs io n  p ro d u c e d  b r ie f  and  e x ­
tended  ex p o su re  E C 50 values o f  4.62 and 2.33 mg 
co p p er/L , respectively . T heir b rie f exposure  results

agree very well w ith ou rs , bu t their ex tended  ex­
posure resu h s are  less than  half the concentration  
that we repo rted . A no th er association  that can be 
m ade to  B au e r’s (1981) w ork is to  com pare the ac ­
tivity  quo tien t fo r 5 mg copper/L  (B auer e t al. 1981, 
Table 1) to  o u r resu lts fo r the sam e concen tration . 
B auer e t al. (1981) rep o rted  an A Q  o f .43. T he re­
ciprocal o f  th e  AQ tim es 100 converts  tha t A Q  to 
percen t effect. The resu ltan t transform ation  to  57%  
inhibition com pares w ell w ith the resu lts  o f  tech ­
n ic ia n s  T-1 a n d  T -3 , w h ich  re p o r te d  46.45 and  
51.4%  inhibition , respectively.

A num ber o f  to x ican ts  w ere tested  w ith the DOD 
te s t using the bacteria l cu ltu res iso lated  from  the 
C orvallis w aste  trea tm en t p lan t (Table 15). A s was 
the case  w ith M TX  and  R R , the acetone  and  m eth­
ano l te s ts  d e m o n s tra te d  th e  lo w est tox ic ity . The 
EC 5Q value o f  6.63 m g/L  fo r copper w as also rea­
sonable com pared  to  the resu lts  determ ined  from  
th e  te s ts  u sing  E . co li. H o w ev er, th e  p a tte rn  o f  
m etal toxicity  w as different from  our o th e r obser* 
vations, w ith copper the  least and zinc the m ost 
toxic.



Table 14. ECjq concentrations (mg Cu/L) for brief and extended 
dissolved oxygen depletion tests and comparison of results of 
three lesls performed by three technicians

Table 15. Comparison of the relative toxicity of chemicals 
(EC50) to CSI given brief and extended exposures and measured 
by the dissolved oxygen depletion method

Brief Exposure Chemical (mg/L) Brief Extended

Technician ECjo r̂  D.F. Summary Data Zinc as Zn 0.22 > 10.00

1 5.26 0.96 10
2 6.48 0.87 14
3 5.59 0.70 14

Mean
Standard deviation
C.V.“

5.78
0.63

\0.90%

Mercury as Hg 
Cyanide as CN 
Copper as Cu 
Acetone

0.25
3.48
6.63

68112.00

0.80
23.32

> 8.00
10202.00

Extended Exposure Methanol 16669.00 33486.00

1 4.85 0.60 6
2 4.96 0.82 6
3 4.79 0.57 10

Mean
Standard deviation
C.V.

4.87
0.09
1.80%

C.V. * standard deviation/mean x [00

Table 16. The effects of copper (ECso = mg/L) on bacteria and a comparison of the sensitivities of DOD and RR to Microtox

M ethod &
Exposure time M icrotox Ratios*

organism 5-Min 15-Min 30-Min 90-Min 22-Hr Short Long

M icrotox 1.210 0.281 0.227 _ _ I 1
DO Depletion

E. coli — — 5.780 — 4.87 5 22
CSI^ — — 6.630 — >8.00 6 —

Resaz. Reduction
£. coli — — — 1.67 — 1 7
CSI — — — 2.51 — 2 11

* Short-Term ratios are the 30-Min DO and 90-Min RR EC50 divided by the 5-Min Microtox EC50. Long-Term Ratios are the 22-HR 
DO and the 90-Min RR EC30 divided by the EC50 of the 30-Min Microtox Test.
 ̂CSI = Corvalis sewage isolate

Table 17. The effects of acetone (EC50 = mg/L) on bacteria and a comparison of their sensitivities to Microtox

Method & 
organism

Exposure Time Microtox Ratios*

5-Min 15-Min 30-Mm 90-Min 22-Hr Short Long

Microtox 12364 12601 13213 _ _ 1 1
DO Depletion

£. coli — — 68112 — 10202 6 1
Resaz. Reduction

E. coU — — — 96394 — 8 7
CSI” — — — 129489 — 11 10

* Short-Term Ratios are the 30-Min DO and 90-Min RR divided by the 5-Min Microtox Test Results. Long-Term Ratios are the 22-Hr 
DO and the 90-Min RR divided by the results of the 30-Min Microtox Test Result 
 ̂CSI = Corvallis sewage isolate

O ur concern  fo r finding a w ay to  sterilize the d is­
solved oxygen p robes caused  us to  co n tac t the  tech ­
nical serv ices s ta ff a t O rion Industries. We learned  
th a t th e re  is no  accep ted  m eans fo r sterilizing th e  
p robes. O f g rea te r co n cern  was the inform ation tha t 
we ob ta ined  abou t th e  chem ical poisoning o f  the 
p robes. Poisoning can  be  caused  by: (1) any w elting  
agen t o r  de te rg en t; (2) any  su rfac tan t; (3) grease and
oil tha t coa ts  the m em brane; and  (4) m ethanol and

ace to n e . A ce to n e , in fact, is ex trem ely  toxic to  the 
O rion D O  p ro b es. W ith this inform ation in hand, 
the resu lts  o f  te s ts  using th is equipm ent are  suspect. 
S ince p ro b es c a n  be po isoned  by m any substances 
the D O D  assay  should  be ru led  ou t as an acceptab le 
a p p ro a c h  fo r  m e a su rin g  th e  e ffe c ts  o f  e n v iro n ­
m en ta l sam p les  su sp e c te d  o f  co n ta in in g  com plex 
w aste  m ix tures.

T he EC 50 concen tra tions o f  copper fo r all o f  the



Table 18. The effects of methanol (EC50 = mg/L) on bacteria and a comparison of their sensitivities to Microtox

Method & 
organism

Exposure Time Microtox Ratios® 

Short

Microtox 
DO Depletion 

E. coli 
Resaz. Reduction 

E. coli 
CSI

158000 284400 323900

166690 33486

144534
264765

1.0

1.1

0.9
1.7

1.0

0.1

0.5
0.8

* Short-Term Ratios are the 30-Min DO and 90-Min RR EC50 Divided by the 5-Min Microtox ECjo- Long-Term Ratios are the 22-HR 
DO and the 90-Min RR EC50 Divided by the EC50 of the 30-Min Microtox Test.

CSI = Corvallis sewage isolate

assay s perform ed are show n in Table 16. The sen­
sitiv ity  o f  M TX assays to  co p p er w as com pared  to 
the sensitiv ities o f  the o th e r test m ethods and  o r­
ganism s. O nly E. coli m easured  by the RR assay 
w as sim ilar in sensitiv ity  to  the 5 min M TX assay. 
H ow ever, the 30 min exposure  M TX assay  was 5 
tim es m ore sensitive to co p p er than  the RR assay. 
M icro tox  assays are  2 to  22 tim es m ore sensitive to 
co p p er than  the o th e r m icrobial assays investigated. 
The D O D  test w as the least sensitive to  copper ei­
th e r fo r b rie f o r  ex ten d ed  exposu res.

T he resu lts  m easured  by the M TX assay  to  ace­
tone w ere  7 to  11 tim es m ore sensitive than  were 
those  rep o rted  by RR (Table 17). D O D  w as m ore 
sensitive to  acetone  than  R R , bu t the possibility  o f 
p ro b e  p o iso n in g  c a s t su sp ic io n  on th e  sc ien tific  
credibility  o f  the resu lts.

C om parison  o f all te s t resu lts  fo r m ethanol (Table 
18) sh o w ed  th a t ,  a lth o u g h  the q u es tio n  o f  DOD 
probe poisoning rem ains, the average effective con ­
cen tra tions fo r all th ree  assays w ere qu ite similar. 
T he only  excep tion  w as th e  DOD ex tended  expo­
su re  re su lts  w h ich  w ere  10 tim es m ore  sensitive  
th an  th o se  derived  from  30 m inute M TX  assays.

T he d a ta  p resen ted  in sum m ary  Tables 16, 17, and 
18 fo r copper, ace to n e  and  m ethanol, respectively , 
sh o w  M T X  to  be  m o re  re lia b le  an d  se n s itiv e  to  
these  chem icals than  R R  and  D O D  m icrobial tests. 
T he advan tages o f  s tan dard iza tion  and  ou r abOity 
to  verify  te s t resu lts  w ith  those  o f  o th e r researchers 
has led us to  re jec t th e  R R  and D O D  te s ts  as can ­
d idates fo r a ssessm en t o f  chem ical contam ination  
from  hazardous w aste sites.
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