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A habitat-simulating medium was developed for the enumeration and isolation
of bacteria from a swine waste digester. A roll tube medium with growth factors
for strict anaerobes from previously studied anaerobic ecosystems was used to
evaluate the effects of deletion, addition, or level of digester fluid, digester fluid
treated with acid or base, rumen fluid, fecal extract, anaerobic pit extract, tissue
extract, carbohydrates, peptones, short-chain fatty acids, minerals, vitamins, N
and P sources, reducing and solidifying agents, buffers, and gases on colony
counts. Decreasing the agar concentration from 2.5 to 1.0% increased the counts
twofold. Blending increased the counts 1.7-fold. With a medium (174) containing
digester fluid, peptones, minerals, cysteine, sodium carbonate, and agar, colony
counts were 60% of the microscopic count and improved yields 2.5 to 20 times
those obtained with media previously used for digesters or developed for other
anaerobic ecosystems. Colony counts continued to increase for up to 4 weeks of
incubation. Medium 174 permits the enumeration of total, methanogenic, and,
with deletion of reducing agent, aerotolerant bacteria. The results suggest that
the predominant bacteria grow slowly and have requirements different from those
of bacteria from other ecosystems.

The development of the Hungate technique
(23) for the maintenance of anaerobic conditions
and the utilization of a habitat-simulating me-
dium with rumen fluid (8, 10, 23) permitted the
enumeration and isolation of the predominant
carbohydrate-fermenting rumen organisms.
After the nutritional requirements for many of
the predominant rumen organisms were deter-
mined, Caldwell and Bryant (11) developed a
more defined medium (medium 10) in which
rumen fluid was replaced by Trypticase, yeast
extract, hemin, and volatile fatty acids. The
recovery of bacteria (viable count per total mi-
croscopic count) with all of the above media has
been 10 to 30% with animals on a forage diet and
higher with those on grain diets (8, 24).
The media developed for the rumen have been

adapted for use in other anaerobic ecosystems,
including the ground squirrel and chicken cecum
(4, 34, 36), mouse gut (19, 40), and human and
swine feces (16, 31, 35). The recovery of bacteria
from these systems has ranged from 5 to 90%.
The best recoveries have been obtained from
human feces, in which the bacteria are appar-
ently less fastidious than those of other ecosys-
tems (16).

Similar media also have been used in studies
of anaerobic digesters. Mah and Sussman (28)

recovered approximately 1 to 10% of the bacteria
from a domestic digester with a medium con-
taining glucose, digester fluid (DF), minerals,
reducing agent, and buffer. The addition of glu-
cose did not improve the recovery of bacteria
over that in media without glucose nor was there
a difference between medium 10 and media with
DF or rumen fluid. Kirsch (27) recovered 8.6%
of the bacteria in medium 10 with 16% DF
(medium 11). Toerien and Siebert (43) used a
medium with high amounts of organic material,
including starch (2%), dextrin (1.4%), peptones
(0.6%), and beef extract (0.2%); however, the
recovery was not reported. Hobson and Shaw
(21) replaced rumen fluid with DF in a medium
developed for the rumen (medium 2) (20) for the
enumeration and isolation of bacteria from a
swine waste digester. Again, the recovery was
not reported. Initial studies in our laboratory
with a swine waste digester indicated that the
recovery was 15% with a medium similar to
medium 11 (J. R. Fischer, E. L. Iannotti, J. H.
Porter, and A. Garcia, Am. Soc. Agric. Eng.,
Paper MC-77-604, 1977). Deletion of the sugars
increased the viable count.
This paper reports on the development of

media that permit the enumeration and isolation
of bacteria from a swine waste digester.
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556 IANNOTTI, FISCHER, AND SIEVERS

MATERLALS AND METHODS

Digesters. The pilot-size digester used was a coni-
cal-bottom polyethylene tank with a working capacity
of 450 liters (Fischer et al., Am. Soc. Agric. Eng., Paper
MC-77-604, 1977). The contents were mixed by pe-
riodic gas recirculation and maintained at 350C by
internal heating coils. The loading rate was 4 g of
volatile solids per liter of digester volume per day. The
retention time was 15 days. Manure was obtained from
finishing hogs on a 14% protein finishing diet. Fresh
manure was collected from a concrete finishing floor
every 7 to 10 days and refrigerated until use.

The digester was started with the contents of a 200-
liter digester that had been operating for approxi-
mately 2 years. Methane production began immedi-
ately, and the digester operated stably during these
studies (Fischer et al., Am. Soc. Agric. Eng., Paper
MC-77-604, 1977). Stability was judged by consistent
gas production, solids destruction, levels of volatile
fatty acids, and pH.

Samples from a farm-size digester were used for
studies of the enumeration of methanogenic bacteria.
The design and operation of this farm-size digester
have been previously described (J. R. Fischer, N. F.
Meador, D. M. Sievers, C. D. Fulhage, and E. L.
Iannotti, Am. Soc. Agric. Eng., Paper MC-77-4052,
1977). The digester has a volume of 140 m3 and is
designed to handle the waste from four confinement
swine units at the University of Missouri. The waste
is flushed into a settling basin, from which the settled
solids are pumped to the digester. The average loading
rate was 2.1 g of volatile solids/liter per day; the
retention time was 11 days.
Anaerobic technique. Media preparation, dilu-

tion, and inoculation were done with the exclusion of
oxygen by the Hungate technique (23), as modified by
Bryant and Burkey (8). Samples for bacteriological
analysis were collected after agitation but before load-
ing. Thus, the samples represented that population
present approximately 24 h after the last influent
addition and a minimum of organisms in the swine
waste. Separate samples were taken for each experi-
ment. A sterile container was filed to capacity and
immediately transported to the laboratory for proc-
essing. The sample was mixed by repeated inversion
of the sample bottle. Twenty milliliters was transferred
with a sterile, C02-filed, widemouthed chemical pi-
pette to a sterile Waring blender, which was gassed
with a heavy flow of CO2. The blender contained 180
ml of sterile anaerobic dilution solution (8). Unless
stated otherwise, the sample was blended for 1 min
under CO2. Ten milliliters of this dilution was imme-
diately removed with a C02-filled pipette and trans-
ferred to 90 ml of dilution solution in a milk dilution
bottle. This dilution (10-2) was used for microscopic
clump count and was further diluted in 10- and 100-
fold steps for addition to media. Samples (0.2 or 0.5
ml) of the final dilution were used to inoculate each of
five replicate roll tubes of molten medium. Inoculated
tubes were placed immediately in a spinner (Bellco
Glass, Inc.) modified so that a continuous stream of
ice water was flushed over the tube. Cultures were

incubated in an upright position at 35°C.
Extracts. DF was prepared by filtering the digester

effluent through cheesecloth and freezing until use. At
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the time of use, the DF was clarified by centrifugation
at 15,000 x g for 30 min. When the DF was filter
sterilized, the clarified DF was passed successively
through 8-, 0.45-, and 0.22-,um filters (Millipore Corp.).
The basic hydrolysate of DF was prepared by bring-

ing 1 liter of the effluent to pH 13 with 50% NaOH
and autoclaving it for 30 min (the pH after autoclaving
was 9.8). The basic hydrolysate was neutralized with
concentrated HCl and clarified by centrifugation
(1,500 x g, 30 min).
An acid hydrolysate was prepared by bringing 1

liter of the effluent to pH 1 with HCl and autoclaving
for 30 min. The final pH was 1.1. This hydrolysate was
neutralized with 50% NaOH and clarified by centrifu-
gation as above.

Fecal extract was obtained from swine manure used
to load the digester. One volume of manure was added
to 3 volumes of water and blended for 2 min. This
mixture was autoclaved for 30 min, cooled, and clari-
fied by centrifugation.

Pit extract was prepared by autoclaving for 30 min
a mixture of sheep feces and liquid from an anaerobic
pit. The autoclaved liquid was decanted and clarified
by centrifugation as above. The sheep were fed a
corn-cotton seed-based diet. The feces had been in
the pit for many months, so the extract represented a
long-term anaerobic digestion.
Rumen fluid was obtained from a fistulated cow on

a forage diet. The fluid was filtered through four
thicknesses of cheesecloth and clarified by centrifu-
gation as above (10).

Media. Medium N (Fischer et al., Am. Soc. Agric.
Eng., Paper MC-77-604, 1977) and medium 11 (27)
with swine waste DF were used as base media. These
media are modifications of medium 10 (11). In essence,
medium 11 (Table 1) is medium 10 with 15% DF, and
medium N is medium 11 with carbohydrates deleted.
These media (Table 1) are slightly modified to fit the
stock solutions in our laboratory. Medium 10 and
medium 11 standardly contain 2% agar (11, 27). During
initial studies, a swarm in many tubes made counts
difficult after several weeks of incubation. Increasing
the agar concentration from 2.0 to 2.5% eliminated this
problem and did not significantly change the percent
recoveries.

Unless stated otherwise, all of the ingredients except
Na2CO3, cysteine-HCl, and Na2S 9H20 were added
before autoclaving. Each medium was adjusted to pH
6.8 and boiled under CO2 in a round-bottom flask. The
flask was stoppered, the stopper was wired on, and the
medium was autoclaved at 15 lb/in2 (1.05 kg/cm2) for
20 min. After the autoclaved medium was cooled to
47°C, C02-equilibrated Na2CO3 was added, and the
medium was tubed in 9-ml amounts into sterile rubber-
stoppered tubes (18 by 150 mm) under CO2.

Before use, the tubes were steamed for 15 min in a
press to melt the agar, and 0.2 ml of a combined stock
solution of cysteine-HCl and Na2S 9H20 was added to
each tube. The gas phase was changed to H2-CO2(1:1,
vol/vol) at the time of inoculation, unless stated oth-
erwise. For a 100% C02 or a 1:1 C02-H2 gas phase, 0.4%
Na2CO3 was added to the medium. For the 100% H2 or
N2 gas phase, 0.8% Na2CO3 was added, and the medium
was gassed with CO2 until pH 7 was reached. The
medium was then tubed under N2 or H2. For a 1:9 C02-
N2 gas phase, the medium was made with 0.8% sodium
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TABLE 1. Composition ofmedium 11 and medium
174a

% in mediumb
Component

Medium 11 Medium 174

Glucose 0.03
Cellobiose 0.03
Soluble starch 0.05
Trypticase 0.2 0.2
Yeast extract 0.05
Hemin 0.0001
Resazurin 0.0001 0.0001
DF (vol/vol) 15.0 45
Minerals (vol/vol)c 3.75 3.75
Volatile fatty acids 0.45

(vol/vol)d
Na2S 9H20 0.05
Cysteine-HCl 0.05 0.05
Na2CO3 0.4 0.8
Agar 2.5 1.5

aThe final pH was 6.9 in medium 11 and 7.4 in
medium 174. The gas phase was 1:1 C02-H2.

' Weight/volume unless otherwise indicated.
' K2HPO4 was prepared as one stock solution; and

the other minerals were prepared as another. The final
mineral concentrations in the media were: K2HPO4,
1.3 x 10-3 M; KH2PO4, 1.7 x 10-3 M; NaCl, 7.7 x 10-3
M; (NH)2SO4, 1.7 x 10-3 M; MgSO4 7H20, 3.7 x 10-4
M; CaCl2 2H20, 2.7 x 10-4 M.

d The volatile fatty acids were added as a common
stock solution. The final concentrations in the media
were: acetic, 1.3 x 10-2 M; propionic 4.0 x 10-3 M;
butyric, 2.0 x 10-3 M, isobutyric, 4.1 x 10-4 M; n-
valeric, isovaleric, and DL-2-methylbutyric, 4.1 x 10-4
M.

carbonate. No Na2CO3 or C02 gassing was used with
the N2 gas phase during the studies of buffer.

Granulated agar (Baltimore Biological Laboratory)
was the solidifying agent in most studies. Medium N
was also prepared with purified agar (Difco) and silica
gel. The silica gel was prepared by adjusting the pH of
Na2SiO3 9 H20 to pH 10 with cation-exchange resin
(Bio-Rad Laboratories, AG 50 X 8) (42) and filter
sterilizing (0.22-tum filter). At the time of use, the
silicate solution was added to concentrated medium
N. Phosphoric acid (5 N) was added to bring the
medium to pH 7.0. The concentration of Na2SiO3 9
H20 ranged from 3.4 to 40.2%; Thatcher and Weaver
(42) added 13.4%. The diluted sample was added to
the tubes, and the tubes were placed in the spinner. A
stream of water at 350C was flushed over the tube to
decrease gelling time.
Medium 2 (20, 21), medium 98-5 (10), and blood

agar (22) were prepared as previously reported.
Dispersal of cells. For determination of the effect

of blending, 20 ml of the swine waste was added to 180
ml of dilution solution in a round-bottom flask. This
mixture was shaken vigorously for several minutes and
then immediately added to a Waring blender previ-
ously gassed with C02. A good dispersion was ob-
tained. One-milliliter samples were removed immedi-
ately after addition to the blender and after 10, 20, 30,

40, 50, 60, 90, 120, 180, and 240 s of homogenization
and serially diluted. The final dilution was used to
inoculate five tubes of medium N. Swine waste was
also treated by (i) shaking in dilution solution, (ii)
shaking in dilution solution with 10lO of Tween 80 per
liter (26), and (iii) homogenizing in a blender.

Microscopic clump and cultural counts. Micro-
scopic clump counts were done with Gram stains of
0.01 ml of the 10-2 dilution spread evenly over 1 cm2.
Initially, clump counts were also counted with a Pe-
troff-Hauser chamber with Formalin-fixed cells (30);
the counts with the chamber were slightly higher and
more variable. These problems were attributed to
buoying of the cover slip (30). The microscopic counts
with the Gram stains were averages of clump counts
of three to five separate smears. Five fields from the
edge to the middle were counted for each smear.
During these counts, an average of 4,200 clumps was
counted for each determination. The numbers of rods
and cocci or coccobacilli were also enumerated. Only
data from smears are given in this paper.

Initially, colonies were counted by using a stereo-
scopic microscope (x17) at weekly intervals for 4
weeks and then at weeks 7 and 10; later, colony counts
were determined after 2, 4, and 7 weeks unless indi-
cated otherwise. The data presented are for the 4-
week count since there were no changes in significance
after week 4.
Enumeration of methanogenic bacteria. Me-

dium 174 broth (see Table 1) and the medium of
Bryant et al. (9) with 30% rumen fluid were prepared
in tubes fitted with serum tops and rubber stoppers
(Bellco Glass, Inc.) (3). The reducing agent was added
2 h before use. The gas phase was 1:1 C02-H2. Samples
from 10-7, 10-8, and 109 dilutions were added to each
of three tubes of both media directly through the
stoppers. After 1 month of incubation at 350C, meth-
ane was determined, and the methanogenic bacteria
were quantitated by most probable number (1).
Enumeration of aerotolerant bacteria. Stan-

dard plate count medium was prepared according to
standard methods (1). Medium 174 was prepared with-
out carbonate, cysteine, or resazurin. The sample was
treated as above, and 0.1-ml portions were spread
evenly over the surface of eight plates of each medium
and incubated aerobically at 350C.

Isolation oforganisms. Colonies were picked with
a bent platinum-iridium wire or a Pasteur pipette (25)
to broths or butts of agar medium. As many colonies
as possible were picked from the same roll tube. The
tubes were examined for growth daily with a high-
intensity light.
Chemical determinations. Total solids and alka-

linity were measured by standard methods (1). The
components of the gas were quantified with a model
920 Varian Aerograph gas chromatograph equipped
with a thermoconductivity detector and a silica gel
column (30/60 mesh). The carrier gas was N2.

Statistics. Percent recoveries with different media
were calculated by dividing counts of the individual
tubes by the average microscopic clump count x 100.
Percent recoveries were analyzed by the least-signifi-
cant-difference method and by Duncan's multiple
range test (39).

VOL. 36, 1978



558 IANNOTTI, FISCHER, AND SIEVERS

RESULTS AND DISCUSSION
Microscopic clump counts and percent

recovery. The average microscopic clump
count in the pilot digester was 9.99 ± 1.91 (stan-
dard deviation) x 109/ml (range, 6.44 x 109 to
14.71 x 109/ml). The average clump count per
gram of total solids (dry weight) was 2.88 x 1011.
The number of bacteria in the swine digester is
an order of magnitude lower than that in feces
(2, 31, 44) and the same as that in the domestic
digester (27, 28). The rumen has values inter-
mediate between those of feces and the digesters
(8, 24). The predominant morphotype in the
stained slides was consistently cocci (or cocco-
bacilli). This group made up 73.9% (standard
deviation = 0.62%; range, 72.8 to 75.1%) of the
microscopic count.
The total viable counts were determined with

medium 11 during six separate sampling periods.
During these experiments, the microscopic
counts were 7.96, 6.44, 7.91, 10.74, 10.03, and
10.70 x 109/ml. The viable counts varied pro-
portionately, so that the percent recoveries (20.2,
20.5, 20.1, 23.8, 19.4, and 20.2; mean = 20.7) were
quite consistent. In medium 11, 72% of the week
10 count was found after week 1; 87% was found
after week 4, and 97% was found after week 7.
Crude extract. Table 2 shows the effect of

various crude extracts in medium 11 on percent
recovery of bacteria from a swine waste digester.
The recovery was significantly higher in the
medium with DF (20.2%) than in the medium
without DF (16.0%). Previously, Mah and Suss-
man (28) found that DF was not necessary for
the maximum viable count of bacteria in a sludge
digester. However, Kirsch (27) isolated signifil-
cantly higher numbers of bacteria when DF was

included in media.
Kirsch (27) added a mixture of acid-hydro-

lyzed sewage and untreated DF to his medium.
Data were not presented on the effect of treating
the waste before its addition to the medium. In
our studies (Table 2) there was no significant
difference in recovery between media with DF
and DF treated with base. Acid treatment re-

duced the recovery 10-fold. A mixture of acid-
and base-treated DF also lowered the recovery

significantly.
Replacement of DF with equal volumes of

fecal extract, pit extract, or rumen fluid lowered
the recovery of bacteria from the swine waste
digester; however, the differences were not sig-
nificant (Table 2). Recoveries with the rumen

fluid were very low at 1 week but continued to
increase throughout the counting period until
the recovery was nearly equal to that in medium
11 at 10 weeks. Although no further observations
were made, a plot of the counts indicated that

TABLE 2. Effect of various crude extracts in
medium 11 on recovery of bacteria from a swine

waste digester
Statisti-

Concn (%, Recov- cal sig-Extract vol/vol) erya (%) nifi-
canceb

None 16.0 a
DF 15 20.2 b
DF

Basic hydrolysate 15 20.9 b
Acid hydrolysate 15 2.0 c

DF
Basic hydrolysate 7.5
Acid hydrolysate 7.5 15.6 a

Fecal extract 15 17.7 ab
Pit extract 15 17.2 ab
Rumen fluid 15 17.8 ab
Rumen fluid 30 18.0 ab
Rumen fluidc 15 10.3 d

a Mean colony counts of five tubes, after 4 weeks of
incubation, divided by microscopic clump count.

b Means not followed by the same letter are signifi-
cantly different at the 5% level of probability.

c Trypticase, yeast extract, hemin, and volatile acids
were deleted from this medium.

further increases could be expected. Increasing
the concentration of rumen fluid from 15 to 30%
did not affect the recoveries or the steady in-
crease. Deletion of volatile acids, hemin, Tryp-
ticase, and yeast extract, and concomitant re-
placement of DF with rumen fluid, significantly
lowered the recovery.

Toerien and Siebert (43) added beef extract to
the medium for enumeration of bacteria from
laboratory anaerobic digesters. Addition of beef
extract (0.2%) to medium 11 did not increase the
recovery. Addition of trace metals and vitamins
also did not affect the recovery after 4 weeks of
incubation, although the difference between
weeks 1 and 4 was reduced.

Increasing the level of DF from 15 to 30, 45,
or 75% did not significantly change the recovery
in medium 11. The recoveries were 20.5, 21.5,
22.0, and 18.0%, respectively. The decrease in
recovery with 75% DF may be attributed to the
difficulty of detecting small colonies in this very
dark medium.
Concentration of energy sources. Most

media used to study anaerobic ecosystems have
a low level of added energy sources (0.2%); how-
ever, levels >0.2% have been used in studies of
anaerobic digestion (21, 43). For examination of
the effect of different levels of possible energy
sources on recovery of bacteria, the concentra-
tions of carbohydrates and protein were in-
creased in medium 11. Medium 11 contains
0.11% carbohydrates (0.03% glucose, 0.03% cel-
lobiose, and 0.05% soluble starch) and 0.2%

APPL. ENVIRON. MICROBIOL.
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Trypticase. Increasing the carbohydrates 10-fold
or the protein 5-fold lowered the recovery from
20.1 to 16.2 or 17.4%, respectively, but these
reductions were not significant. Increasing both
the carbohydrates (1.1%) and the peptones
(1.0%) significantly reduced the recovery to
10.9%. Colony counts in the media with high
concentrations of carbohydrate and peptone did
not continue to increase as they did in the me-
dium with the low concentration of carbohy-
drates.
Deletions from medium 11. Deletions of

carbohydrates (glucose, cellobiose, and soluble
starch) from medium 11 significantly increased
the recovery of bacteria. The mean recovery
during three experiments was 20.0% for medium
11 and 24.3% for the medium without carbohy-
drates (medium N). The deletion of carbohy-
drates resulted in smaller colonies and poor
recovery after week 1 of incubation; however,
97% of the week 10 count was found after week
7. Single deletion of Trypticase (21.0% recovery),
yeast extract (19.8%), volatile fatty acids
(19.3%), hemin (21.6%), or minerals (17.7%) did
not significantly change the recoveries.

Deletion of carbohydrates from media used to
isolate bacteria from a domestic anaerobic diges-
ter did not change the numbers of colonies found
(28). Bryant and Robinson (10) found lower, but
not significantly reduced, counts when carbo-
hydrates were deleted from a medium for the
rumen. Dehority and Grubb (14, 18), also work-
ing with the rumen, reported finding only 77%
of the original number of colonies after carbo-
hydrates were deleted.
Modification of medium N. Sweet E me-

dium, used to culture isolated fecal organisms
(22, 31), contains arabinose, cellobiose, fructose,
maltose, starch, and pyruvate. This medium
with the addition of mannitol and glycerol was
compared with medium 11 and medium N. The
mean recovery (20.6%) was not significantly dif-
ferent from that with medium 11 and was signif-
icantly lower than that with medium N; thus,
the incorporation of a spectrum of compounds
failed to improve the recovery.
The single addition of 0.03% soluble starch

(23.5% recovery), cellobiose (24.6%), xylose
(22.5%), fructose (22.0%), mannitol (23.3%), inu-
lin (22.5%), sucrose (21.1%), glycerol (24.8%),
glycerol phosphate (24.9%), ethanol (22.4%),
methionine (21.6%), formate (21.4%), acetate
(25.6%), propionate (25.6%), citrate (23.8%), mal-
ate (22.6%), fumarate (22.9%), succinate
(22.8%), urea (26.0%), or nitrate (22.2%) to me-
dium N (24.8%) did not significantly change the
recovery. The recovery in media with soluble
starch or cellobiose did continue to increase so

that in each medium recovery was 27% of the
microscopic count after 7 weeks. This recovery
was not significantly different from the 7-week
recovery for medium N.
The single addition of maltose (14.5%), glucose

(18.5%), arabinose (20.4%), lactate (18.5%), and
pyruvate (6.3%) significantly reduced the recov-
ery. Interestingly, our preliminary data indicate
that glucose, arabinose, and xylose are major
sugars found in swine waste and are degraded
during the digestion. Two of these (glucose and
arabinose) reduce the recovery.

Deletion of Trypticase, yeast extract, volatile
acids, hemin, and minerals did not significantly
affect the recovery of organisms with medium
11. Deleting Trypticase, yeast extract, volatile
acids, or hemin in medium N similarly did not
affect the recoveries. The means of duplicate
experiments were 24.5, 27.4, 24.5, and 25.3%,
respectively. Deletion of Trypticase resulted in
very small colonies. These colonies were at the
limits of visibility. Only the experience of pre-
vious counts made it possible to distinguish such
forms from debris in the medium. Because Tryp-
ticase increases colony size, it is an important
component in the medium.

Deletion of minerals signiflcantly reduced the
recovery. Increasing the mineral concentration
3-fold or 10-fold (11.25 or 37.50 ml of the stock
solution shown in Table 1 per 100 ml ofmedium)
did not significantly change the percent recov-
ery; however, increasing the concentrations of
the minerals did decrease the time for develop-
ment of the colonies. With the higher concentra-
tions, 92% of the 7-week count was found after
2 weeks.

Increasing the concentration of Trypticase
2.5- or 5.0-fold, yeast extract 5- or 10-fold, vola-
tile acids 5- or 10-fold, or hemin 2.5- or 10-fold
did not significantly alter the recoveries (25.1,
21.4, 25.6, 23.6, 21.1, 22.1, 24.8, and 26.7%, re-
spectively).
Replacement of Trypticase with Thiotone,

Phytone, Casamino Acids, malt extract, or
Gelysate did not significantly change the recov-
ery. The mean recoveries in duplicate experi-
ments were 24.3, 22.3, 27.6, 25.9, 21.9, and
23.6%, respectively.
Buffer and buffer concentration. Deletion

of the buffer from medium N significantly re-
duced the recovery (Table 3). Replacement of
the Na2CO3 with a phosphate buffer also signif-
icantly reduced the recovery. The phosphate
buffer (pH 6.9) was added to the medium at a
concentration of 0.4% (0.03 M) under N2. Sodium
carbonate in medium N is 0.4% (0.038 M). The
difference in counts with the phosphate and
carbonate buffer might have been due to the
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TABLE 3. Effect of buffer and buffer concentration
in medium N on recovery of bacteria from a swine

waste digester
Recovery (%) Statisti-

Concn
Buffer (%, wt/ Expta nifi-

vol) Mean nceb
1 2 cance

Nonec 0 8.5 5.8 7.2 a
Phosphate 0.4 1.8 1.8 b
Na2CO3 0.4 25.0 25.2 25.1 c
Na2CO3 1.2 33.4 30.0 31.7 d
Na2CO3 2.0 16.5 24.1 20.3 e

aMean colony counts of five tubes, after 4 weeks of
incubation, divided by microscopic count.

b Means not followed by the same letter are signifi-
cantly different at the 5% level of probability.

c Medium N.

differences in the gas phase, since many anaer-
obic bacteria require C02 for growth.

Increasing the Na2CO3 in the medium from
0.4 to 1.2% significantly increased the recovery
(from 25.1 to 31.7%). A further increase to 2%
reduced the recovery to 20.3%. The intermediate
level of Na2CO3 (1.2%) is six times higher than
that normally used with a 1:1 C02-H2 gas phase.
The medium that gave the best recoveries ap-
proximated the alkalinity of the digester. Bryant
and Robinson (10) found that 0.1% Na2CO3 was
inferior to 0.2% with a 50% C02 gas phase in
studies with rumen organisms; increasing the
concentration to 0.3% did not change the counts.
The results in this study could have been due

to the final buffering capacity or ionic strength.
No attempt was made to distinguish between
these possibilities.
Type and concentration of reducing

agent. The combined reducing agent cysteine-
sodium sulfide was replaced with cysteine, so-
dium sulfide, sodium thioglycolate, ascorbic
acid, or Cleland's reagent (13) in medium N.
Inclusion of sodium sulfide, sodium thioglyco-
late, ascorbic acid, or Cleland's reagent signifi-
cantly reduced the percent recovery of bacteria
from the swine waste digester (Table 4). There
was no significant difference between the mean
recovery with cysteine and that with cysteine-
sulfide, although cysteine gave significantly
higher recoveries during one experiment (the
third).

Deleting the reducing agent from the medium
significantly reduced the recovery from 22.5 to
13.7% (means of duplicate experiments). Increas-
ing the cysteine to 0.15 or 0.25% did not signifi-
cantly alter the recovery (24.2 and 21.3%, re-
spectively); however, a further increase (to
0.5%) reduced the recovery from 25.5 to 16.8%.
Bryant and Robinson (10) found that doubling
the concentration of cysteine-sulfide signifii-
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cantly reduced the counts, but holding the sul-
fide constant and increasing the cysteine had no
effect on recovery of rumen bacteria. Similar
results obtained in this study suggest that the
higher sulfide concentrations were toxic.
Concentration of DF. Increasing the levels

ofDF in medium 11 did not change the recovery
of bacteria from the swine waste digester. In-
creasing the level of DF in medium N increased
the recovery (Table 5). Forty-five percent DF
gave significantly higher recoveries than 15%.
Recoveries were consistently higher with 75%
DF than with 45%, but the difference was not
significant. The medium with 75% DF was very
dark and cloudy, making counting and picking
of colonies extremely difficult. These results are
very similar to those of rumen studies in which
counts were significantly higher with 40% rumen
fluid than with 20% but not 60% rumen fluid
(10). Changes in levels of crude extract did not
affect recoveries from sludge or swine feces (28,
35).
The loss of heat-labile growth factors in the

DF was tested by filter sterilizing the clarified
DF through a 0.2-,um-pore size membrane filter.
Replacement of 15% DF with 15% filter-steri-
lized DF significantly increased the recovery in
three separate experiments. The mean recovery
with 15% filter-sterilized DF (30.1%) was equal
to the mean with 45% heat-sterilized DF
(31.2%).
Minimal media. Individual deletions of

TABLE 4. Effect of reducing agent in medium N on
recovery of bacteria from a swine waste digester

Statis-
Reducing agenta Expt e Mean ticalery (%)bsignifi-

cance'

Cysteine 1 23.6 26.3 a
2 26.7
3 29.9
4 24.8

Cysteine-sodium 1 24.8 24.7 a
sulfided 2 24.9

3 23.8
4 25.3

Sodium sulfide 1 2.0 2.0 b
Sodium thioglyco- 1 16.4 16.4 c

late
Ascorbic acid 1 16.3 16.3 c
Cleland's reagent 1 17.5 17.5 c

aReducing agents were added to medium N at
0.05% (wt/vol) after deletion of cysteine-sodium sul-
fide.

b Mean colony counts of five tubes, after 4 weeks of
incubation, divided by microscopic clump count.

c Means not followed by the same letter are signifi-
cantly different at the 5% level of probability.
dMedium N.
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TABLE 5. Effect of concentration ofDF in medium
N on recovery of bacteria from a swine waste

digester

Recovery (%) Statisti-
DF concn cal sig-
(%, vol/ Expta nifi-

vol) M12 3 n canceb

15c Ad 22.0 25.0 25.2 24.1 a
15 F 33.3 28.3 28.6 30.1 b
45 A 27.2 33.9 32.4 31.2 b
75 A 29.5 36.0 34.3 33.0 b

a Mean colony counts of five tubes, after 4 weeks of
incubation, divided by microscopic clump count.

b Means not followed by the same letter are signifi-
cantly different at the 5% level of probability.

c Medium N.
dA, Sterilized in autoclave at 15 lb/in2 (1.05 kg/

cm2) for 20 min; F, sterilized by passage through a
0.22-,um fiter.

Trypticase, yeast extract, volatile acids, and
hemin did not affect the recovery of bacteria
from the digester. However, deletion of all of
these factors at one time was not examined, and
the above results suggest that a medium with
only minerals, reducing agent, buffer, and DF
would culture the digester organisms.

Simultaneous deletion of Trypticase, yeast ex-
tract, volatile acids, and hemin from medium N
did not affect the percent recovery (23.8% com-
pared to 22.6%). Further deletion of minerals
significantly reduced the recovery from 22.6 to
16.4%. Increasing the concentration of the DF
from 15 to 85% in a medium with minerals,
reducing agent, and Na2CO3 did not change the
recovery (21.8%) as might have been expected;
in medium N, increasing the level of DF had
increased the recovery. Deletion of minerals
from the medium with 15% DF, reducing agents,
and buffer significantly reduced the recovery,
whereas deletion of minerals from a similar me-
dium with 85% DF did not (20.3% recovery).
Deletion of all components except the DF and
agar significantly reduced the recovery to 14.2
and 14.9%, respectively, in media with 85 and
100% DF. DF alone is not sufficient for adequate
recovery of bacteria from a swine waste digester;
reducing agent and Na2CO3 must be added.
The colonies in these minimal media were

very small, similar to those in mediumN without
Trypticase. When the levels of DF were in-
creased, counting became very difficult. Because
of this difficulty and because other media gave
significantly higher recoveries, no further work
was done with the minimal media.
Gas phase. Medium N with a 1:1 C02-H2

gas phase gave significantly higher recovery
(24.8%) than medium N with 100% C02

(14.9%), 100% N2 (20.2%), 1:9 C02-N2 (18.6%), or
100% hydrogen (18.1%). No attempt was made
to adjust either the ionic strength or the buffer-
ing capacity of the media. The results could be
a reflection of the changes in these components
rather than the gases. There was no difference
in colony count with different gas mixtures con-
taining C02 with samples from the rumen or
swine feces (10, 35). Salanitro et al. (35) did find
a reduction in anaerobic count when N2 was
substituted for the CO2 gas phase.

Dispersal of cells. Blending increased the
recovery of bacteria significantly, from 13.3 to
22.7%, a 1.7-fold increase over the recovery with
shaking. The recovery did not continue to in-
crease after blending for 10 to 30 s, and it did
not decrease after blending for 4 min. However,
there was much variation in the counts of sam-
ples taken after the shorter blending times, in-
dicating that dispersion was not complete.
Therefore, the standard blending time of 1 min
was adequate. In another experiment, swine
waste was treated by (i) shaking in dilution
solution, (ii) shaking in dilution solution with
Tween 80, and (iii) blending. The respective
recoveries in medium N were 16.5, 19.3, and
24.4%. Recoveries were higher with the Tween
80 treatment than with shaking but significantly
lower than with blending.
Agar concentration. Figure 1 shows the ef-

fect of agar concentration in medium N on re-
covery of bacteria from a swine waste digester.
Decreasing the agar concentration from 2.5 to
1% dramatically increased the recovery from

50

40

hi

0
C.
hi

30

20

2 3 4

MAR CONCENTRATION (%)

FIG. 1. Effect of agar concentration in medium N
on the recovery of bacteria from a swine waste diges-
ter.
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23.8 to 49.6%. These results were repeated as a

unit three times and at individual points several
times. Because of the slippage in the roll tubes
with 1% agar, 1.5% agar is the lowest percentage
that can be used effectively. The increased re-

covery was due to smaller colonies that took 3
to 4 weeks before they could be seen. These
were not found in the tubes with high concen-
trations of agar. In the medium with 1.5% agar,
only 76% of the 4-week counts were seen by
week 2, whereas 91% were seen by 2 weeks in
the medium with 3.5% agar.
Use of different lots of agar did not result in

differences in recovery. Purified agar in medium
N gave results almost identical to those with
regular agar. Medium N was also prepared with
silica gel (42). Increasing the concentration of
silica gel decreased the colony count; however,
the average count with silica gel was approxi-
mately one-third that with agar. The decrease
in colony counts with increasing concentrations
of silica gel could have been due to an effect in
common with agar; however, phosphoric acid is
added in increasing concentrations to bring
about gelling of the silica, and a medium with
phosphate buffer was shown previously to de-
crease counts.
Composite medium. During the above work,

it was found that in medium N, Trypticase was
needed for increased colony size, that increasing
the minerals decreased the time for colony de-
velopment, and that use of 1.2% sodium carbon-
ate, 45% DF, filter-sterilized DF, and reduced
agar increased the percent recovery. However,
the effect all these modifications in one medium
was not known.
So that fewer combinations of medium com-

ponents need be tested, the assumption was
made that the best medium contained Trypti-
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case (0.2%), resazurin (0.0001%), filter-sterilized
DF (45%), minerals (11.25%), cysteine (0.05%),
agar (1.5%), and Na2CO3 (0.8%). Use of 0.8%
Na2CO3 in combination with 45% DF would
result in approximately the same buffering ca-
pacity as that in the digester. The changes in
percent recovery of bacteria with modifications
of this medium are given in Table 6. This me-

dium and all modifications of it gave recoveries
significantly greater than that in medium N
(23.7%). In contrast to the results with medium
N, adding the DF before autoclaving signifi-
cantly increased the recovery (40.4%) over that
with filter-sterilized DF (34.1%). The addition of
45% rather than 15% DF may have increased the
level of heat-labile substance(s), whereas filter
sterilization removed required particulate mat-
ter. Perhaps the addition of nonclarified DF
would further increase the recovery. Bryant and
Robinson (10), unlike Grubb and Dehority (18),
found no difference in clarified and nonclarified
rumen fluid for the recovery of rumen bacteria.
The addition of nonclarified DF would obscure
many of the small colonies.
There was little difference in recovery with

0.8% (40.4%) and 1.2% Na2CO3 (38.3%). Increas-
ing the agar concentration from 1.5 to 2.0% sig-
nificantly reduced the recovery from 40.4 to
33.6%. Decreasing the minerals from 11.25 to
3.75% (vol/vol) significantly increased the recov-

ery in media with the DF either filter or heat
sterilized.
The composition of the best medium (medium

174) is given in Table 1. The 60.2% recovery in
this medium is significantly greater than those
in all other media tested. This recovery is good
for an anaerobic system. Recoveries of 50 to 90%
of the microscopic count have been obtained
with animal and human feces (16, 31, 35). The

TABLE 6. Comparison ofmedia incorporating factors previously found to increase recoveries of bacteria
from a swine waste digestera

Concn (%) Recovery (%)
Statistical

Mineralsb Sodium Ep'sgii
DF (vol/vol) Mnrl' carbonate Agar (wt/ EpCMean canced(vol/vol) (wt/vol) vol) 1 2 3

45 Ae 11.25 0.8 1.5 37.3 44.8 39.3 40.4 a
45 F 11.25 0.8 1.5 30.1 38.3 33.8 34.1 b
45 A 11.25 1.2 1.5 36.9 38.9 39.2 38.3 a
45 A 11.25 0.8 2.0 37.6 38.0 25.2 33.6 b
45 F 3.75 0.8 1.5 41.5 43.4 39.9 41.6 a
45 A 3.75 0.8 1.5 62.8 59.5 58.3 60.2 c
15 A 3.75 0.4 2.5 22.0 24.1 24.9 23.7 d

All media also contained Trypticase (0.2%), resazurin (0.0001%), and cysteine-HCl (0.05%).
b See Table 1.
' Mean colony counts of five tubes, after 4 weeks of incubation, divided by microscopic clump count.
d Means not followed by the same letter are significantly different at the 5% level of probability.
e A, Sterilized in autoclave at 15 lb/in2 (1.05 kg/cm2) for 20 min; F, sterilized by passage through a 0.22-,um

filter.
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higher recoveries may be due to the nonfas-
tidious nature of fecal organisms (16). The re-
coveries of bacteria from chicken (5, 6, 34, 36)
and mouse cecum (2) were 20 to 46%. Recoveries
have been 10 to 30% with ruminants on complex
diets; higher recoveries have been observed with
ruminants on high-grain diets (8, 24). Less than
10% of the bacteria seen in domestic sewage
digesters have been cultured (27, 28).
The recoveries in medium 174 might be even

higher if the agar concentration could be re-
duced or the agar replaced with a solidifying
agent that does not reduce the recoveries. The
full range of concentrations of agar was not
examined in medium 174; however, if it is as-
sumed that the slopes (Fig. 1) of the lines in a
plot of agar concentration versus recoveries are
the same for medium N and medium 174, a line
drawn through 60% recovery at a 1.5% agar
concentration and extrapolated back to 0% agar
would reach the Y axis at approximately 100%
recovery. The composite media in Table 6 dem-
onstrated the same increase in recovery with
decreasing agar concentration as medium N
(Fig. 1).
Comparison of medium 174 with the

other anaerobic media. Figure 2 compares the
rates of colony development and the recoveries
in medium 174 with those in other anaerobic
media. Medium 174 gave significantly greater
recoveries of bacteria from our swine waste
digester than all other media. This medium re-
covered 2.5 times as many organisms as the next
best medium, medium N, which was previously
used to monitor the numbers of bacteria in a
swine waste digester (Fischer et al., Am. Soc.
Agric. Eng., Paper MC-77-604, 1977). Medium 2,
which also has been used in studies of swine
waste digestion (21), gave less than 20% of the
recovery of medium 174. Medium 2 contains
high levels of proteins, lactate, glucose, and mal-
tose. High concentrations of nutrients and the
latter compounds have been shown to suppress
colony formation and are probably the reasons
for the low yields in medium 2. Medium 11 has
been used for enumeration and isolation of bac-
teria from a domestic waste anaerobic digester
(27). Medium 10 and medium 98-5 (rumen me-
dia) gave similar results. As in medium 11 with
rumen fluid (Table 2), the recoveries in medium
98-5 continued to increase throughout the count-
ing period. Although medium 10 and medium
98-5 have been useful for a variety of anaerobic
ecosystems (see above), they are not adequate
for the swine waste digester. Blood agar has
been utilized for isolation of anaerobic bacteria
from feces and pathological processes (12, 17, 29,
41, 44), but it supports growth of less than 3% of
the organisms in the swine waste digester.

so
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FIG. 2. Recoveries of bacteria from a swine waste
digester with different anaerobic media (174, N, 11,
98-5, 10,2, and blood agar). The data are the average
weekly recoveries from three separate sampling pe-
riods.

Recoveries in medium 174 continued to in-
crease for 4 weeks and then leveled off. Whereas
98% of the 4-week counts were obtained at 3
weeks in the three experiments contributing
data for Fig. 2, during monitoring of the model
digester and the farm digester (Fischer et al.,
Am. Soc. Agric. Eng., Paper MC-77-4052, 1977)
we found that counts fluctuated more at 3 weeks
than at 4 weeks and that during some sampling
periods less than 98% of the 4-week counts were
found at 3 weeks. Therefore, 4 weeks of incuba-
tion is recommended.
The results shown in Fig. 2 indicate that the

improvements in recovery are due to slower-
growing organisms not found in other media.
Except with medium 98-5, there was a relation-
ship between the recovery and the time of max-
imal colony formation. The long time for devel-
opment of visible colonies appears to be char-
acteristic of digesters. Mah and Sussman (28)
found a 10-fold increase in the number of colo-
nies between weeks 1 and 4. Kirsch (27) found a
60% increase between weeks 1 and 2; longer
incubation times were not reported. Most colo-
nies are seen in less than 1 week with fecal and
cecal samples (16, 34, 35). The time for devel-
opment of colonies is slightly longer with rumen
samples (10).
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Medium 174 is a highly buffered medium with
relatively low levels of nutrients. The final pH
in the roll tubes after 4 or more weeks of incu-
bation remains near 7.4. The ability to maintain
high pH or low levels of microbial end products,
e.g., organic acids, is probably one of the most
important characteristics of this medium. The
media (Fig. 2) with lower recoveries had lower
fmal pH values. Medium N and medium 2 had
final pH values near neutrality and below 6.0,
respectively. The levels of acids were not mea-
sured. If many digester organisms are sensitive
to low pH or organic acids, the rapid growth of
a few would reduce the pH and increase the
levels of end products, reducing the percent re-
covery. This would explain the lower recoveries
with carbohydrates, high levels of nutrients,
lower buffer capacity, or readily utilizable sub-
strates such as glucose, arabinose, maltose, lac-
tate, or pyruvate.
Isolation of bacteria with medium 174.

Because of the apparent growth inhibition by
agar, colonies were picked with a bent needle to
medium 174 broths. Growth was detected in
only 25% of the tubes after 4 weeks of examina-
tion for turbidity or by phase microscopy. The
extent of growth in most tubes in which bacteria
were detected was very low. The use of a bent
Pasteur pipette with slight suction and rinsing
with broth (25) did not improve recovery. Re-
ducing the incubation time of the roll tubes from
4 to 3 weeks also did not improve recovery.

Finally, picking the colonies with a bent
needle to a slant of 1% agar greatly increased the
recovery, with 92% of 150 transfers resulting in
detectable growth. Growth was detected by ex-
amination of the agar butt under high-intensity
light and comparing the inoculated tubes with
tubes into which the agar between colonies had
been picked. None of the latter tubes showed
growth. The average time for first detectable
growth was approximately 5 days; some cultures
took longer than 3 weeks. More than 50% of the
positive tubes had marginal growth. These could
be subcultured. The success with the slants was
attributed to the confinement of the growth to
a small area where it could be detected and to
greater viability (7). Changing the gas phase
from 1:1 C02-H2 to 100% CO2 lowered the recov-

ery to 85%.
Enumeration of methane bacteria. Meth-

ane was found in roll tubes of the highest dilu-
tions of media 11, N, and 174. Thus, these media
supported the growth of methane producers.
There was no methane in media with a low final
pH.
Medium 174, without agar, was compared

with a rumen fluid-based medium (9) for the
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ability to culture methanogenic bacteria from a
farm-size swine waste digester. Rumen fluid me-
dia have been used in the enumeration and
isolation of rumen, fecal, and anaerobic digester
methanogens (15, 32, 33, 37, 38). Table 7 gives
the most probable numbers of methanogenic
bacteria in four samples of digester effluent.
Medium 174 was significantly better than the
rumen fluid medium for the enumeration of
methanogenic bacteria.

Total population counts were not determined
at the same time as the above samples for meth-
ane organisms. Because of fluctuations in the
farm system, comparisons with previous samples
for total numbers of organisms would not have
been accurate. However, a single determination
indicated that about 50% of the farm digester
bacteria were methanogenic. The model digester
had from 1 to 5% methanogens (Fischer et al.,
Am. Soc. Agric. Eng., Paper MC-77-604, 1977)
based on determinations made with medium N
and rumen fluid medium; medium 174 had not
been developed at that time.
Enumeration of aerotolerant bacteria.

Medium 174 was compared with standard plate
count medium (1) for enumeration of aerotoler-
ant bacteria in the model swine waste digester.
There was no significant difference between the
two media except that plate count medium re-
quired only 48 h of incubation for development
of colonies. The mean of eight plates was 4.71
x 106 for medium 174 and 4.98 x 106 for plate
count medium. Medium 174 required about 1
week for maximum counts. Plate count medium
is the medium of choice.
The mean of three samples for aerotolerant

(plate count medium) and anaerobic (medium
174) organisms was 3.72 x 106 and 7.33 x 109,
respectively. The aerotolerant population was
only 0.05% of the total population. The farm

TABLE 7. Enumeration ofmethane bacteria from a
swine waste digester in medium 174 and in a rumen

fluid-based medium
Total no. (xlO6)/mla

Expt Rumen fluid
Medium 174 mediuMb

1 460 4
2 1,100 4
3 460 240
4 1,100 240

Meanc 780 120
a Most-probable-number determination from pres-

ence of methane in sets of three culture tubes after 4
weeks of incubation.

b Bryant et al. (9).
c The means are significantly different at the 5%

level of probability.
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digester population contained 6% aerotolerant
organisms (Fischer et al., Am. Soc. Agric. Eng.,
Paper MC-77-4052, 1977). Hobson and Shaw
(21) reported that 79% of their isolates grew in
the presence of air. These isolates were obtained
with medium 2. If the recoveries with medium
2 in their system were as low as those in our
system, this high percentage of aerotolerant or-
ganisms may be due to the failure to grow many
of the anaerobic organisms.
Conclusions. Medium 174 permits the enu-

meration and isolation of a sizeable portion of
the bacterial population found in the swine
waste digester. The high recoveries with this
medium increase the possibility that future stud-
ies with pure cultures of the isolates actually
reflect the mixed population in the digester.
More research should be done with other types
of anaerobic digesters, but similarities in the
digesters suggest that media similar to medium
174 might improve the low recoveries of 1 to 10%
reported to date (27, 28).
The failure of media developed for other eco-

systems to culture the majority of bacteria in
the swine waste digester and the modifications
necessary to increase the recoveries indicate that
the bacteria from the swine waste digester have
different requirements than the bacteria from
the other ecosystems. Preliminary studies with
pure cultures confirm this concept.
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