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TABLE 2. Influence of vessel size on AOC blank measured with nanopure water and nanopure water amended with mineral salts

Density at stationary phase (10° CFU/ml)**

Incubation vessel P-17

NOX

Nanopure water

Mineral salts

Nanopure water Mineral salts

Erlenmeyer flasks
(1 liter)
Vials (40 ml)

0.005 = 0.001 (0.1 + 0.02)
0.006 = 0.008 (0.1 = 0.2)

0.729 + 0.909 (18 * 22)
0.876 + 0.511 (21 * 12)

0.126 + 0.130 (1 = 1) 1.104 = 0.257 (9 £ 2)

0.858 = 0.362 (7 = 3) 0.560 = 0.242 (5 = 2)

@ Data expressed as x = SD (n = 9).

® Values in parentheses are AOC concentrations (micrograms per liter) calculated from the conversion factors of P-17 and NOX on acetate, 4.1 x 10° CFU/ug

of C and 1.2 x 10" CFU/ug of C, respectively.

The size of the incubation vessel influenced the precision
and concentration of AOC determined with the P-17 bioas-
say, as well as the percentage of P-17 cells that were
attached to the vessel surface. The between-vessel coeffi-
cient of variation for replicate vessels, separated by test
water and sample date, was significantly greater (Tukey’s
Studentized range test, o level of P = 0.05) for vials, 19.0 =
15.5 (n, 156), than for flasks, 13.7 + 9.5 (n, 95), or BOD
bottles, 15.6 + 11.7 (n, 249) (x + SD). The density of P-17 at
stationary phase was 1.7-fold higher in BOD bottles than in
flasks and 1.4-fold higher in vials than in the BOD bottles (9).
AOC concentrations for each pair of vessels were signifi-
cantly correlated (a level of P = 0.01), with » = 0.97 (n, 7) for
flasks versus BOD bottles and 0.94 (n, 14) for BOD bottles
versus vials. Smaller vessels had a higher percentage of
attached cells. The percentage of viable cells attached de-
clined with increasing vessel size from 11.6 (n,1)t0 1.9 = 1.6
(n, 8) to 1.0 = 0.7 (n, 44) for vials, BOD bottles, and flasks,
respectively (x = SD). A similar result was found for total
cells, with percentages of 23.5 (n, 1), 11.4 = 7.8 (n = 8), and
6.2 = 3.1 (n, 43), for vials, bottles, and flasks, respectively.
The difference between flasks and BOD bottles was signifi-
cant (¢ test, a level of P > 0.05), but the single observation
with a vial cannot be statistically tested. Vessel size had little
effect on the AOC blanks, however (Table 2).

Experiments to investigate the influence of surface area on
the growth of P-17 were equivocal. With a stream water
sample that contained 1,001 + 8 pg of DOClliter (x + SD, n
= 3), we observed a 2.6-fold increase in densities from the
bead treatment ([3.98 + 0.64] x 10° CFU/ml, no beads,
versus [1.02 + 0.30] X 10° CFU/ml, with beads) (x + SD, n
= 5), but with a stream water sample that contained 1,413 *
5 ng of DOCl/liter (¢ + SD, n = 5), no differences were
observed ([8.92 %= 0.77] X 10° and [8.62 + 1.48] x 10°
CFU/ml, without and with beads, respectively) (x + SD, n =
9).

Enumeration of the bioassay organisms. No significant
differences were found for the two bioassay organisms when
subsamples from the same serial dilution tube were spread
on the three different nutrient agars. P-17 densities on Oxoid,
R2A, and Difco agar were 8.14 + 1.95 (n, 5), 7.56 + 0.87 (n,
8), and 7.86 + 1.11 (n, 8) (10° CFU/ml; X + SD), respec-
tively. NOX densities were 3.72 = 0.29 (n, 5), 3.65 = 0.52 (n,
4), and 3.68 + 0.49 (n, 5) (10° CFU/ml; x + SD) for the three
agars, respectively. Comparing P-17 enumerated by spread
plates and that by epifluorescence direct microscopic counts
showed that densities of total cells and viable cells were
significantly correlated (» = 0.85; P > 0.01), and on average
the density of total cells exceeded the density of viable cells
by a factor of 1.6 + 0.6 (x = SD, n = 39) (9, 10).

Yield on AOC. AOC concentrations based upon cell den-
sities and the yield of P-17 on acetate-C were, on average,

1.25-fold higher than those based upon carbon mass balance
(10). This implies that the yield of P-17 on naturally occur-
ring AOC exceeded the yield of P-17 on acetate; a higher
yield results in a lower estimate of AOC. P-17 cell volume at
stationary phase ranged from 0.08 to 1.37 um® with an
average volume of 0.34 + 0.18 um® (x = SD, n = 644). We
sampled three different test waters separately, collecting
approximately 10% P-17 cells from each water for carbon
analyses. Dividing the carbon mass by the number of total
cells gave an estimate of (1.56 = 0.18) x 10~7 pg of C per cell
(x = SD, n = 3). The mass balance data represent changes in
DOC, assuming complete oxidation of the cellular carbon
present during the total organic carbon analyses. DOC
changes in autoclaved samples, abiotic controls, were slight
but erratic.

Nested ANOVA and optimal sampling design. The greatest
source of variation in the AOC data from 21 drinking water
samples was the site or water source (Table 3). Given the
diversity of test waters, this is an anticipated result and was
excluded from consideration of an optimal sampling design.
We also chose to ignore sample date as a source of error
because this was associated with the variation in cell densi-
ties during the growth curve, including variations at station-
ary phase. The three variance sources that were the focus of
the analysis were vials, serial dilutions, and spread plates.
From variance components for those sources, we calculated
that vials, serial dilutions, and spread plates contributed 60,
7, and 33%, respectively, of the variance for P-17 and 34, 5,
and 60%, respectively, of the variance for NOX. Calcula-
tions of changes in variance with different sampling designs
showed that replication at the highest level of variance
source, the vial, was most effective at reducing the total
variance while keeping the work load constant or even
reducing it 2.4-fold (Table 4).

Organic constituents within the DOC pool. The concentra-
tions of organic constituents measured in chlorinated
groundwater or drinking water treatment plant effluents are
shown in Fig. 1. DOC of <10,000 in nominal molecular

TABLE 3. Nested random-effects ANOVA

Variance component?

Variance source

P-17 NOX
Total 6.550 (980) 15.205 (1,129)
Site 4.358 (17) 13.338 (17)
Sample date 0.550 (33) 0.577 (39)
Vial 0.985 (195) 0.440 (226)
Serial dilution 0.114 (245) 0.070 (283)
Spread plate 0.543 (490) 0.781 (564)

@ Values in parentheses are degrees of freedom.
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TABLE 4. Changes in variance under different sampling designs

Estimated variance

Sampling Total no. of spread Vials Dilutions Plates Total®
design® plates enumerated
P-17 NOX P-17 NOX P-17 NOX P-17 NOX
15-2-2 60 0.066 0.029 0.004 0.002 0.009 0.013 0.079 0.044
15-2-4 120 0.066 0.029 0.004 0.002 0.005 0.007 0.075 (-5) 0.038 (—14)
60-1-1 60 0.016 0.007 0.002 0.001 0.009 0.013 0.027 (—66) 0.021 (-52)
25-1-1 25 0.040 0.018 0.005 0.003 0.022 0.031 0.067 (—15) 0.052 (+18)

4 Values indicate numbers of vials, dilution series, and spread plates, respectively. )
® Numbers in parentheses are the percent change (+, increase; —, decrease) in total variance relative to the 15-2-2 sampling design.

weight was always a high percentage of the total, but
UV-labile DOC ranged from 29 to 71% of total DOC. The
concentrations of monosaccharides were roughly an order of
magnitude higher than concentrations of primary amines,
and the concentrations of both were consistently lower in the
groundwater supply than in the treatment plant effluent
supplied by surface waters. The correlation coefficients for
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FIG. 1. Dissolved organic constituents present in drinking water
treatment plant effluents with a groundwater (June and July 1987) or
surface water (all other dates) source. (A) @, DOC; B, DOC of
<10,000 in nominal molecular weight; 8, UV-labile DOC. (B) @,
AOC; W, monosaccharides; B, primary amines.

organic constituents in the bioassay water with AOC were as
follows: DOC (0.566), UV-labile DOC (0.367), DOC of
<10,000 in nominal molecular weight (0.365), primary
amines (0.425), and monosaccharides (0.607). Only the cor-
relation of monosaccharides with AOC was statistically
significant (a level of P = 0.05), and it explained 37% of the
variability in the AOC data.

DISCUSSION

We began our evaluation of the AOC bioassay with the
goal of making the procedure easier for routine use by water
utilities. Several of the a priori changes we tested did not
meet that criterion. For example, log-phase rather than
stationary-phase inocula and sterile filtration rather than
pasteurization were more labor intensive and did not im-
prove the assay. Other changes, specifically a reduction in
the incubation vessel size and the use of commercially
precleaned glassware, simplified the assay. The inclusion of
quality control samples, discussed below, increased the
work load, but the samples are important for the interpreta-
tion and accuracy of results.

Both bioassay organisms are available from the American
Type Culture Collection, and neither is particularly fastidi-
ous, so they can be easily grown and maintained. Stock
cultures of stationary-phase organisms are stable for
months, and the lag phase during which the bioassay organ-
isms shifted from a 2-month-old stationary-phase culture to
exponential growth was no more than 1 day at 15°C. Cells
used for inoculation were supplemented with acetate (24).
NOX has highest yields on carboxylic acids, but higher
yields for P-17 can be achieved with amino acids (24), and
there is no reason to suspect that the carbon source supplied
to the stock cultures would alter the physiology of the
bioassay organisms after inoculation. The stability of P-17
and NOX in mixed cultures, on low-carbon medium, stored
in ampoules at 5°C, indicates that known densities of the
inoculum could be supplied ready to use, eliminating the
need to reconstitute a freeze-dried culture, follow population
growth, or maintain stocks of the bioassay organisms.

We have not found a commercially available organic
carbon-free sterile filtration system. With the exception of
the Duropore and Clyde membranes, we do not know
whether the DOC leached from different membranes was
biodegradable, but some contribution to AOC is likely.
There is no evidence that pasteurization alters AOC concen-
trations except in the presence of POC. Filtration of raw
waters to remove most of the POC prior to pasteurization is
recommended. Muffled glass fiber filters used with filtration
systems isolated from the atmosphere effectively remove
POC, though not bacteria, without measurable DOC release.
With especially turbid samples, larger-capacity filter systems
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such as high-temperature-cured Balston Microfibre Filter
Tubes (25- and 0.3-um pore size), arranged in series, may be
required.

Heating glassware to eliminate organic carbon eliminates
the need for an acid bath and disposal of used dichromate.
For laboratories that do not want to prepare their own
glassware, the purchase of precleaned incubation vessels
simplifies this critically important aspect of the bioassay.
Numerous suppliers offer precleaned glassware, and we
tested only three brands; two separate lots of the Pierce
product gave similar results. Our experience provides a
cautionary note that each product needs to be tested for
performance, preferably with an AOC blank.

We found the 40-ml vials with septa convenient to work
with and measured only a slight increase in the between-
vessel variation by reducing the size of the incubation
vessel. The ability to inoculate through the septa and the
ability of the septa to withstand heating, including autoclav-
ing, are advantages over ground glass. Inoculation through
the septa not only eliminates the need to open the vials until
the sampling date, but it is faster and easier than opening the
screw caps and working with a flame to ensure sterility. The
vials are relatively inexpensive and do not require much
space, both practical considerations in establishing replicate
cultures. With sufficient replication, different vials can be
used at each sampling during stationary phase, avoiding the
repeated sampling of the same bioassay vessel over a period
of days. This minimizes the potential for bacterial contami-
nation and eliminates the need for organic carbon-free
pipettes.

Replication of incubation vessels is also the most efficient
way to reduce the total variance and the cost of the AOC
measurement. The nested ANOVA indicated that replication
at the highest experimental level, the vial or individual batch
culture, was more important in reducing the total variance
than replication at either of the lower levels, serial dilutions
or spread plates. Similar results have been reported for the
enumeration of aerobic heterotrophs with the spread plate
(5, 13) or pour plate (13) technique. The argument we
presented for an optimal sampling design was based upon
variance terms alone, but economic considerations also
support the design. The actual cost of a spread plate is much
greater than the time required to spread the inoculum, as it
includes the cost and effort involved with medium prepara-
tion, plate labeling, and plate scoring. In fact, the only time
that replication at the lower experimental levels is warranted
is when the cost and effort to do so are minimal. We
routinely replicate 10% of all serial dilutions and spread
plates, but this is for quality assurance purposes only.

The AOC concentrations measured in differently sized
vessels correlated well, but smaller vessels did support
higher densities of P-17. AOC blanks for vials and flasks
indicate that the vials were not a source of AOC contamina-
tion. Thus, it would appear that increased surface area was
advantageous for P-17 under the conditions of the batch
cultures. The mechanism underlying that phenomenon is
unclear. It has long been suggested that the presence of
surfaces in general leads to greater cellular activity (2, 28). A
critical review of the literature, however, has questioned the
generality of this notion and suggested that the effects of
surfaces depend upon the nature of the organism, the con-
centration and quality of the carbon source, and the type of
surface (26).

Our data demonstrate that AOC concentration is an oper-
ationally defined parameter dependent upon vessel size and
enumeration technique. The influence of enumeration tech-
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nique is fairly obvious. Direct enumeration of total cells
gives higher values for maximum cell densities because
populations at stationary phase would be expected to con-
tain a significant proportion of dead cells. Higher cell densi-
ties translate into higher AOC concentrations when divided
by a constant yield factor. The influence of vessel size is
harder to explain but probably involves a positive influence
on P-17 growth resulting from the increased surface-to-
volume ratio. Other studies have shown that incubation
temperature influences growth yield and maintenance energy
(16, 19). The practical impact of these findings on the AOC
bioassay is that the assay must be operationally defined as to
vessel size, incubation temperature, and enumeration tech-
nique if comparable data are to be generated.

Accurate results from the AOC bioassay require that
organic carbon be the limiting nutrient, that the test water
not inhibit the growth of either test organism, and that
enumeration occur when the inoculum has reached station-
ary phase. Quality controls should include testing the inoc-
ulum for purity and viability by plating a subsample on R2A
agar and testing the incubation vessel, thiosulfate solution,
and any supplemental procedure such as filtration, pH
adjustment, or EDTA addition for organic carbon contami-
nation. The substantial variation in cell densities during
stationary phase means that any AOC bioassay should
include estimates on at least three separate days and specific
criteria for accepting or rejecting the bioassay results. We
have adopted the objective criterion that if densities on two
days differ by more than 50%, the culture is not in stationary
phase.

An accurate blank control is not as simple as performing
an incubation with organic carbon-free deionized water.
Without inorganic nutrients, growth on organic carbon
should not occur, and the test organisms may experience
osmotic shock in low-ionic-strength water. We routinely
observe NOX growth in our nanopure water, but not that of
P-17. It is preferable to amend the test water with an organic
carbon-free mineral salts solution, but this is not commer-
cially available. Traces of organic carbon as contaminants
are often present in otherwise highly pure inorganic salts.
We have used a dilute mineral salts solution (40 pg of NO;-N
and NH;-N per liter and 25 pg of PO,-P per liter) prepared
from the U.S. Environmental Protection Agency nutrient
quality control sample and have been able to achieve blanks
of <10 pg of AOC per liter. The U.S. Environmental
Protection Agency no longer prepares quality control sam-
ples, and any alternative mineral salts solution needs to be
carefully evaluated. The addition of an organic carbon
standard to the nanopure water and mineral salts solution is
recommended as a check on the yield of the bioassay
organisms.

Inhibition or nutrient limitation can be assessed with a
mineral salts solution and an organic carbon standard such
as acetate or oxalate. In the samples reported on here, we
did not find any indication of nitrogen or phosphorus limita-
tion, but in a recent survey of 79 water sources, we found 5
drinking water treatment plant effluents that completely
inhibited the growth of both test organisms because the pH
ranged from 9.3 to 10.4 (12). To assess nutrient limitation,
mineral salts are added to replicate samples of the test water.
If organic carbon is limiting, the addition of mineral salts
should have no influence on the density of organisms in the
test water. To assess inhibition, the test water is amended
with mineral salts and organic carbon. Inhibition is indicated
if the density of organisms in the amended sample is less
than the density in the test water plus the number expected
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TABLE 5. Proposed modifications to the AOC bioassay

Parameter

Proposed technique

Technique of van der Kooij (23, 24)

Glassware
Incubation vessel
Size

Cleaning

Pipettes

Test water
Dechlorination

Inactivation of
native micro-
flora

Treatment of raw
water

Sampling design

Borosilicate vial (40 ml) with Teflon-lined silicone
septum

Detergent wash, hot water rinse, 0.1 N HCl rinse,
deionized water rinse, heating to 550°C for 6 h, or
precleaned vials commercially available

Sterile, borosilicate serological pipettes or pipettes
with sterile, polypropylene tips

Sodium thiosulfate (21 pM)

70°C for 0.5 h

Filtration with syringe, syringe-type filter holder, and
glass fiber filter

Single samples from replicate vials, single dilution
series, and single spread plates—multiple vials

Borosilicate Erlenmeyer flask (1 liter) with ground
glass stopper

10% Potassium dichromate—sulfuric acid soak, hot
water rinse, 10% HNO; rinse, hot water rinse,
deionized water rinse, heating to 300°C for 6 h

Borosilicate serological pipettes cleaned in same way
as incubation vessels with an additional 4-h cold
water wash following the second hot water rinse

Performed with unchlorinated samples

60°C for 0.5 h

Not addressed

Vessels sampled repeatedly over several days, tripli-
cate spread plates for each sample—N,,,, deter-

sampled once on three separate days

Enumeration Spread plates with R2A agar

mined from decreases in colony counts observed
on two subsequent days

Spread plates with Lab-Lemco (Oxoid) agar

from the empirically derived yield value for the carbon
source.

The AOC bioassay is used extensively in The Netherlands
as an index of regrowth potential (24). Results of the
bioassay are converted from CFU per milliliter to acetate-C
equivalents for the convenience of expressing AOC as a
carbon concentration. When the AOC bioassay is compared
with other assays of bacterial nutrient concentration, it is
often expressed simply as C per liter. To do so, however,
extends the bioassay beyond its intended use and implicitly
assumes that the yields of bioassay organisms on acetate-C
are equivalent to the yields on naturally occurring AOC. Our
estimates of AOC concentrations based upon carbon mass
balance suggest that in the majority of cases, P-17 yield on
acetate underestimated the actual yield on naturally occur-
ring AOC. Previous studies with P-17 have shown that the
yields on amino acids, carbohydrates, and aromatic acids all
exceed the yield on carboxylic acids, by factors ranging from
1.6- to 2.4-fold (25). NOX, however, has the highest yield on
carboxylic acids (24). Therefore, to the extent that the AOC
bioassay measures the monomeric constituents of the DOC
pool and the growth of P-17 dominates the bioassay, the
yield on acetate would be expected to underestimate the
actual yield. The empirically derived, published yield factors
for P-17 and NOX grown on acetate (24) appear to be a
reasonable compromise and should be used to calculate the
expected growth. The exception would be when drinking
water has been ozonated, in which case the yield for NOX
grown on oxalate should be used.

Drinking water utilities are becoming increasingly aware
of the potential benefits from designing treatment processes
to reduce concentrations of bacterial nutrients. Process
optimization for nutrient reduction requires a method that is
sensitive and precise, because concentrations of AOC as low

as 50 to 100 pg of C per liter of biodegradable organic
substrates can support 10® to 10° CFUl/liter (24). In The
Netherlands, an operational goal for biologically stable wa-
ter has been set at an AOC concentration of 10 pg/liter (24);
for the United States, an AOC value of 50 pg/liter has been
recommended for coliform control (15).

We have suggested modifications to the AOC bioassay,
and a comparison of our proposed technique with the
original method (23, 24) is listed in Table 5. Our proposed
AOC technique is not more sensitive or precise than the
original, but it maintains reasonable levels for these param-
eters, while being easier to perform accurately.
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