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We determined factors that affect responses of bacterial isolates and model bacterial communities to the 95
carbon substrates in Biolog microtiter plates. For isolates and communities of three to six bacterial strains,
substrate oxidation rates were typically nonlinear and were delayed by dilution of the inoculum. When
inoculum density was controlled, patterns of positive and negative responses exhibited by microbial commu-
nities to each of the carbon sources were reproducible. Rates and extents of substrate oxidation by the
communities were also reproducible but were not simply the sum of those exhibited by community members
when tested separately. Replicates of the same model community clustered when analyzed by principal-
components analysis (PCA), and model communities with different compositions were clearly separated on the
first PCA axis, which accounted for >60% of the dataset variation. PCA discrimination among different model
communities depended on the extent to which specific substrates were oxidized. However, the substrates
interpreted by PCA to be most significant in distinguishing the communities changed with reading time,
reflecting the nonlinearity of substrate oxidation rates. Although whole-community substrate utilization pro-
files were reproducible signatures for a given community, the extent of oxidation of specific substrates and the
numbers or activities of microorganisms using those substrates in a given community were not correlated.
Replicate soil samples varied significantly in the rate and extent of oxidation of seven tested substrates,
suggesting microscale heterogeneity in composition of the soil microbial community.

Garland and Mills (2) recently introduced the use of com-
munity-level carbon source utilization patterns for comparison
of microbial communities from different habitats. They used
commercially available microtiter plates that contain 95 carbon
substrates (Biolog GN; Biolog, Inc., Hayward, Calif.), which
they directly inoculated with environmental samples from
freshwater, saltwater, estuarine, and hydroponic solutions,
from the rhizosphere of hydroponically grown wheat, and from
soils. Similarly, Winding (5) analyzed the whole-community
Biolog GN substrate utilization profiles of samples taken from
several types of forest soils, as well as from size class fractions
within one soil type, and Zak et al. (6) studied the profiles of
soil samples from six desert plant communities along an eleva-
tional and moisture gradient. In all three studies, multivariate
statistical methods were used to establish distinctions among
the resulting community substrate utilization profiles and
thereby classify the community samples with respect to their
carbon source metabolism. Garland and Mills (2) proposed
that since separation of community Biolog profiles by multi-
variate analyses is based on differences in carbon source utili-
zation between samples, it provided ‘‘a functional basis to
distinctions among communities.’’ All three groups suggested
that in addition to establishing ecologically relevant (e.g., soil
versus freshwater) classifications of microbial communities,
substrate utilization profiles might offer information with re-
gard to community function (2), metabolic potential (5), or
functional diversity (6).

To interpret the functional diversity or metabolic potential
of microbial communities based on Biolog patterns of sub-
strate utilization, it is important to understand factors which
affect substrate utilization when Biolog microplates are inocu-
lated with mixtures of microorganisms. In principle, the Biolog
assay is done by colorimetrically measuring tetrazolium dye
reduction that is coupled to substrate oxidation. The degree to
which each of the 95 substrates is oxidized is determined after
a fixed incubation period. A positive response is identified as
an absorbance or optical density value greater than that occur-
ring in the blank well. If the values for all substrate-containing
wells are analyzed by multivariate statistics, two types of dis-
tinctions between samples can be made. First, the presence or
absence of a positive response to each of the 95 substrates or
to groups of substrates (e.g., polymers) can be recorded. Sec-
ond, when the same substrates are utilized by different com-
munities, samples with consistently high values for certain sub-
strates can be segregated by multivariate statistical procedures
from those with consistently lower values for the same sub-
strates. For example, Zak et al. (6) distinguished desert soil
microbial communities by both methods.
It is tempting to assume that differences in patterns of Bi-

olog substrate oxidation by different communities represent
real differences in the numbers or types of microorganisms in
these communities and that these differences reflect the activ-
ities expressed in the environments from which the samples
were obtained. However, Garland and Mills (2) and Winding
(5) both found that variation in response from one sample to
another was not necessarily a function of structural differences
in the communities. Instead, both noted a strong correlation
between inoculum cell density and the rate of color develop-
ment, so that community differences in substrate oxidation
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recorded at a fixed time might simply reflect differences in the
total number of microorganisms in the communities. More-
over, both groups found that color development appeared to
depend on cell growth in substrate-containing wells, so that it
was impossible to determine if all members of the community
capable of utilizing the compound had contributed to the pro-
file or if the response in a given well resulted from growth and
activity of a subset, or single member, of the community. Zak
et al. (6) acknowledged these limitations but argued that sub-
strate utilization profiles nonetheless provide a ‘‘rich data set’’
for studies of the function and diversity of microbial commu-
nities. However, Garland and Mills (2) suggested that further
research was required to determine whether community-level
carbon substrate utilization patterns were repeatable and to
determine the causes of differential substrate oxidation among
samples.
The research described here was conducted to determine

factors which influence substrate oxidation when Biolog micro-
plates are inoculated with samples from microbial communi-
ties. We used soil bacterial isolates, model bacterial commu-
nities composed of combinations of these strains, and actual
soil microbial communities. We wished to determine, for ax-
enic cultures and model communities, (i) whether there was a
relationship between growth in wells during microplate incu-
bation and substrate oxidation, (ii) the influence of inoculum
density on the rate of substrate oxidation, (iii) whether the rate
and extent of oxidation of a given substrate were reproducible
when inoculum density was controlled, and (iv) whether the
pattern of positive and negative responses to all 95 substrates
in Biolog microplates was reproducible. Using two model soil
bacterial communities for which the taxonomic structure and
carbon substrate utilization patterns of the individual members
were known a priori, we addressed whether Biolog profiles of
whole communities reflected the taxonomic structure of those
communities and whether we could detect contributions of
individual populations to the whole-community Biolog profile.
Finally, we examined community-level profiles of actual soil
microbial communities and interpreted the results of multi-
variate statistical analyses of model and actual soil microbial
community responses in light of knowledge obtained from the
work with isolates. Our results verify the utility of this ap-
proach for the classification of microbial communities and
provide information on factors which influence substrate oxi-
dation and must be taken into account when interpreting the
functional significance of whole-community substrate utiliza-
tion profiles.

MATERIALS AND METHODS

Bacterial isolates. Ten bacterial isolates were obtained from soils of the Long
Term Ecological Research site at the Kellogg Biological Station, Michigan State
University. These isolates were identified, by phenotypic characteristics and fatty
acid profiles (3) as two Bacillus spp., two Arthrobacter spp., two Pseudomonas
spp., three Cytophaga spp., and one Corynebacterium sp. All cultures had been
isolated on R2A agar (Difco, Detroit, Mich.) and maintained on R2A agar slants
in the refrigerator with regular subculturing. These 10 strains were routinely
cultured at 288C on R2A agar or in the corresponding broth medium that lacked
agar (designated R2A broth). Broth cultures were aerated by shaking. Standard
curves correlating cell number (obtained by acridine orange direct counts) and
biomass (micrograms [dry weight] per milliliter) with optical density at 590 nm
(OD590) were obtained for each strain during growth in R2A broth at 288C and
were used for estimation of cell number or biomass in all experiments where
indicated. Viable cell counts were determined by plating on R2A agar.
Biolog substrates. For all studies reported herein we used the Biolog, Inc.,

gram-negative (GN), gram-positive (GP), or no substrate (MT) 96-well micro-
plates. Each of the 95 substrate wells in standard Biolog GN and GP microplates
contains (in dried form) a complex, low-concentration, buffered nutrient medium
(1), a tetrazolium redox dye, and a carbon substrate. The substrate blank well
contains the nutrient medium and dye but no substrate. The GN substrates were
divided by Garland and Mills (2) into 11 categories: polymers (substrates 1 to 5),

carbohydrates (substrates 6 to 33), esters (substrates 34 and 35), carboxylic acids
(substrates 36 to 59), brominated chemicals (substrate 60), amides (substrates 61
to 63), amino acids (substrates 64 to 83), aromatic chemicals (substrates 84 to
87), amines (substrates 88 to 90), alcohols (substrates 91 and 92), and phosphor-
ylated chemicals (substrates 93 to 95). GP microplates contain 62 of the same
substrates as GN microplates plus 33 different substrates in similar categories.
MT microplates contain the dried nutrient medium and redox dye but no

substrate in any well. Stock solutions (0.5%, wt/vol) of glucose, galactose, L-
asparagine, aspartate, cellobiose, mannitol, and L-serine (all from Sigma Chem-
ical Co., St. Louis, Mo.) were prepared in 50 mM phosphate buffer (pH 7) and
sterilized by passage through a sterile 0.22-mm-pore-size filter (Millipore Corp.,
Bedford, Mass.). Stock solutions were dispensed to MT microplate wells in 75-ml
aliquots. Blank wells received 75 ml of buffer.
Microplate protocols. Pure-culture inocula for microplates were typically pre-

pared in one of two ways. Cultures grown on solid medium for 24 h were swabbed
from the agar surface and resuspended in 50 mM phosphate buffer (pH 7).
Cultures grown in broth medium were centrifuged (10,0003 g, for 10 to 15 min),
the supernatant was removed, and the cells were resuspended in 50 mM phos-
phate buffer (pH 7) and held for 1 h before inoculation of microplates. Biolog
GN or GP microplate wells were inoculated with 150 ml of these cell suspensions
that had been adjusted to the appropriate density (GN, ;3 3 108 cells per ml,
GP,;4.53 108 cells per ml) by comparison with the turbidity standards supplied
by the manufacturer. MT plates were inoculated with cell suspensions having an
OD590 of ;0.45. Isolates, combinations of two or three isolates, and buffer were
added to MT microplate wells such that the total volume of inoculum equalled
75 ml but the number of cells of each isolate in each well was equivalent. All MT
plate wells also contained 75 ml of substrate solution or buffer (blank).
Inocula for model communities were obtained by growing cultures of the

individual bacterial strains in R2A broth at 288C for approximately 16 h. The
OD590 after 16 h was correlated with cell count (cells per milliliter) or biomass
(micrograms [dry weight] per milliliter) from standard curves previously estab-
lished for each bacterial strain. Culture volumes required to achieve specific
proportions of bacterial strains were combined and centrifuged to obtain the
‘‘community’’ cell pellet, which was resuspended in 50 mM phosphate buffer (pH
7) for 1 h prior to inoculation of GN microplates. Communities were designed
such that the final cell density (total of all bacterial strains in the community)
would fall within the recommended range for inoculation of Biolog GN micro-
plates.
Three bacterial strains were used to determine if substrate oxidation was

related to cell growth following inoculation. Eight replicate wells of Biolog MT
plates that contained 0.25% (wt/vol) galactose as substrate were inoculated with
each bacterial strain. The initial cell density was either ;108 or 107 cells per ml.
Color development (OD590) was recorded at 1-h intervals for 24 h and then once
again at 48 h. At 1, 3, 6, 9, 19, 25, and 48 h, one of the eight replicate wells for
each bacterial strain or combination was sampled to determine viable cell count.
Microplates were incubated at 288C and were read at 590 nm in either the

Biolog microplate reader with Microlog 2N software or the EL312e Kinetics
reader (Bio-Tek Instruments, Inc., Winooski, Vt.) with Kineticalc II software. In
the standard Microlog 2N software supplied by the manufacturer, a positive
result must be of higher OD590 than the substrate blank reading and must be at
least 40% of the highest positive substrate response for that microplate. This
threshold was used throughout our study for assignment of a positive or negative
response for all GN or GP substrates. The Bio-Tek EL312e reader and Kineti-
calc II software were used to obtain kinetic readings of color development in MT
plates. Blank wells were assigned to sectors of each microplate as appropriate,
and the reading at 590 nm of each blank well was subtracted from the reading of
each substrate-containing well in that sector, at each reading time.
Environmental effects on isolate Biolog GN profiles. At least seven indepen-

dent Biolog GN profiles were obtained at 24 and 72 h for each bacterial strain
following growth in R2A broth at 288C. The response to each substrate (i.e.,
always positive, always negative, or variable over the seven replicates) was de-
termined. These reference profiles were used as the standard against which
effects of growth medium, growth temperature, and inoculum density, as well as
the results of our model community experiments, would be assessed. Biolog GN
profiles were then obtained for each of the 10 bacterial strains grown under the
following conditions: (i) on nutrient agar, tryptic soy broth agar (tryptic soy broth
solidified with 3% [wt/vol] agar) (both from Sigma Chemical Co.), or R2A agar
at 288C and (ii) in R2A broth at 17 and 328C. In the latter case, Biolog micro-
plates were incubated at the growth temperature. Each profile was determined in
triplicate and readings were obtained at 24 and 72 h. Profiles were also obtained
(three replicates; 0-, 4-, 7-, 11-, 24-, and 96-h readings) for each bacterial strain
after inoculation to GN microplates at 0.1 times the recommended cell density.
For gram-positive species, Biolog GP profiles after growth in R2A broth and on
R2A agar were also obtained.
Model communities. The model soil bacterial communities used were identical

to those previously reported (3). Model bacterial communities were constructed
by combining known proportions of 6 (community I-A and I-B) or 4 (community
II-A and II-B) of the 10 isolates. A and B designate replicate experiments
conducted in November 1992 (A) and April 1993 (B). Community I consisted of
equal proportions of the following six soil bacteria: Corynebacterium sp. strain 5,
Pseudomonas sp. strain 14, Cytophaga sp. strains 19 and 72, Arthrobacter sp. strain
42, and Bacillus sp. strain 81. Community II consisted of Bacillus sp. strain 94
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(which made up half of the community on a cell number or biomass basis) and
Corynebacterium sp. strain 5, Pseudomonas sp. strain 31, and Cytophaga sp. strain
47, each making up one-sixth of the community.
Soil communities. Soil was obtained from a greenhouse plantings of corn, at

the termination of an experiment conducted by Hal Collins at the Kellogg
Biological Station, Michigan State University. Soil was originally obtained from
a single location at the Kellogg Biological Station Long Term Ecological Re-
search Site. It was homogenized, dried, and placed in 10-gal (38-liter) plastic
pots. Water was added to field capacity, and corn was planted in each pot 2 weeks
later. In each pot, a single corn plant was allowed to reach physiological maturity,
at which time soil samples (100 g) were taken from three locations within the root
zone and three locations within the bulk soil from each of six pots (36 samples).
Each of the 36 1-g samples of soil was suspended in 5 ml of 50 mM phosphate
buffer (pH 7) and agitated for 15 min. Approximately one granule of CaCl2 and
an equivalent amount of MgCO3 were added to each suspension, and the re-
sulting floc was allowed to settle. This left a slightly turbid supernatant, which was
directly inoculated onto Biolog MT microplates. The OD590 values of the inoc-
ulated microplates were read, and then the plates were allowed to sit at room
temperature until ;20 h, when color development began to be visible. At this
time, the microplates were placed in the Bio-Tek reader, and the OD590 was
determined at 2-h intervals for the next 24 h. The ability of each cell suspension
to utilize asparagine, aspartate, glucose, cellobiose, carboxymethylcellulose, N-
acetylglucosamine, and ferulic acid (Sigma Chemical Co.) was determined with
Biolog MT plates.
PCA. Principal-components analysis (PCA) was performed with SAS/STAT

(Statistical Analysis System; SAS Institute Inc., Cary, N.C.) version 6.03 under
the PRINCOMP procedure. Data for each replicate of each community in the
model community experiments were entered as the percent change from the
substrate blank value provided by the Biolog software. Data for experiments with
MT plates were entered as the blank-adjusted OD590 readings obtained from the
Bio-Tek software.

RESULTS

Biolog GN profiles for isolates. The pattern of positive and
negative responses to the 95 substrates in Biolog GN micro-
plates was shown to be characteristic of and generally repro-
ducible for Cytophaga, Pseudomonas, and Corynebacterium

strains and was similar for organisms of the same genus. Biolog
GN profiles for seven replicate microplates of Cytophaga sp.
strain 72 and Pseudomonas sp. strain 31 at 24 and 72 h are
depicted in Fig. 1. For both strains, some substrates were
always utilized and were scored positive in seven of seven
replicates at 24 h, while other substrates were scored negative
in every replicate, even after 72 h of incubation.
The three Cytophaga spp. exhibited profiles similar to that of

strain 72 (Fig. 1); each consistently used relatively few (18 to
25) of the 95 substrates on GN microplates and metabolized
primarily carbohydrates (substrates 6 to 33), amino acids (sub-
strates 64 to 83), and polymers (substrates 1 to 5). The two
Pseudomonas strains metabolized primarily carboxylic acids
(substrates 36 to 59), amino acids, and various carbohydrates.
Neither used the carbohydrate polymers (a-cyclodextrin, dex-
trin, and glycogen) used by all three Cytophaga spp. Coryne-
bacterium strain 5 used 21 of the substrates on GN microplates
(Tween 40 and 80, seven carbohydrates, four carboxylic acids,
bromosuccinate, succinamic acid, two amino acids, two esters,
2,3-butanediol, and glycerol).
The Bacillus and Arthrobacter spp. failed to consistently yield

positive responses on Biolog GN (or GP) microplates. After 24
or 72 h, microplates inoculated with the Bacillus strains would
typically exhibit only one to three very weak positive responses
(i.e., OD590 only slightly above that of the substrate blank).
The substrate wells identified as positive were not consistent
from assay to assay, and this pattern was often accompanied by
color in the substrate blank well. Slightly different results were
obtained for the two Arthrobacter species. These strains often
produced color in the substrate blank well and occasionally
exhibited a profile with clear positive and negative responses.
Unfortunately, these profiles were inconsistent from assay to

FIG. 1. Number of positive responses at 24 and 72 h, as measured by Microlog 2N software, for each of the 95 Biolog GN substrates after inoculation of seven
replicate microplates with Cytophaga sp. strain 72 or Pseudomonas sp. strain 31.
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assay and even within replicate microplates inoculated with the
same culture, so that a reference profile for these two strains
could not be obtained.
The lack of substrate utilization by Bacillus strains was not

due to tetrazolium dye toxicity (both species would grow in
R2A broth with tetrazolium dye added) or to spore formation
prior to inoculation of microplates. No growth medium or
temperature tested resulted in a consistent Biolog response for
either Bacillus strain. The manufacturer suggests that oligotro-
phic microorganisms may give an all-negative response in Bi-
olog microplates and that color in the substrate blank well
could be due to spore formation in the wells, cell lysis, or
utilization of endogenous or extracellular storage polymers. To
check our technique, we grew Bacillus cereus ATCC 14579 by
recommended methods and inoculated it to Biolog GP (and
GN) microplates. In contrast to our soil strains, this strain
produced clearly positive results after 24 h and was identified
by the Biolog software as Bacillus thuringiensis/cereus (similar-
ity index, 0.51). The manufacturer also suggests that particular
growth media may be required to elict a Biolog response from
bacterial genera. Our experimental objectives required identi-
cal growth conditions for each strain making up our model
communities; therefore, we made no effort to find alternative
growth conditions that would result in consistent Biolog re-
sponses for the Bacillus and Arthrobacter isolates. We believe
that our approach reflects what occurs when natural microbial
communities are extracted from soil and inoculated to Biolog
plates, since in situ conditions are unlikely to be optimal for
stimulating a Biolog response by every community member.
Kinetics of substrate oxidation by isolates. The variable

responses of Cytophaga, Pseudomonas, and Corynebacterium
strains were shown to result from weak, nonlinear rates of
substrate oxidation combined with a dependence of substrate
oxidation rate on inoculum cell density. The basis for positive,

negative, and variable responses can be seen in Fig. 2, which
shows the time course of color development (OD590) on se-
lected substrates for either Cytophaga sp. strain 72 or Pseudo-
monas sp. strain 31 following inoculation at two different initial
densities. Since the rate of substrate oxidation was not always
linear throughout the test period, different scores could be
obtained depending on when the microplate was read. For
example, wells could be scored negative at early readings and
positive later (e.g., fructose for Pseudomonas sp. strain 31) or
positive at early readings but negative later (e.g., compare 10-
and 96-h values for rhamnose for Cytophaga sp. strain 72). In
addition, the rate and extent of color development depended
on inoculum density (Fig. 2B and D). Therefore, assignment of
a positive or negative response at 24 h for weakly oxidized
substrates was inconsistent from one replicate microplate to
another. In contrast to variable substrates, substrates which
were always scored positive for a particular strain (for example,
dextrin for Cytophaga sp. strain 72 and asparagine and orni-
thine for Pseudomonas sp. strain 31 [Fig. 2]) were oxidized
rapidly and to a greater extent.
Additional experiments were done to determine the effect of

inoculum density and cell growth in microplate wells on sub-
strate oxidation kinetics. Previous results showed that Cyto-
phaga sp. strain 72 always exhibited a positive response on
galactose, that Pseudomonas sp. strain 31 always exhibited a
variable response, and Corynebacterium sp. strain 5 would not
oxidize galactose. We examined details of galactose oxidation
kinetics by these three strains and measured cell growth of
each strain following inoculation to Biolog microplate wells at
two different inoculum densities (Fig. 3). Cytophaga sp. strain
72 exhibited a rapid and extensive oxidation of galactose (Fig.
3A and B) and either maintained viable cell count at 108 cells
per ml (Fig. 3A) or grew to 108 cells per ml (Fig. 3B) and then
maintained their cell count at this density. Pseudomonas sp.

FIG. 2. Color development profiles after inoculation at two different initial cell densities (3 3 108 cells per ml [A and C] and 3 3 107 cells per ml [B and D]) for
Cytophaga sp. strain 72 and Pseudomonas sp. strain 31, displaying positive, negative, and variable readings on selected Biolog GN substrates.
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strain 31 exhibited a more moderate rate of galactose oxidation
yet gave a similar pattern of viable cell counts to that of Cyto-
phaga sp. strain 72. For both Cytophaga sp. strain 72 and
Pseudomonas sp. strain 31, cell counts in the blank well were
maintained at or increased to 108 CFU/ml without significant
color development (data not shown). The predominant effect
of inoculum dilution for Cytophaga sp. strain 72 and Pseudo-
monas sp. strain 31 was a lag in the initiation of color devel-
opment. Corynebacterium sp. strain 5 did not oxidize galactose,
and the viable cell count decreased throughout the course of
the experiment (Fig. 3E and F). Therefore, while cell growth
does occur in Biolog microplate wells, the amount of growth is
not correlated to the rate or extent of substrate oxidation. The
rate and extent of oxidation of particular substrates for isolates
inoculated at similar densities were reproducible, however.

Environmental effects on Biolog GN profiles of isolates.
Environmental conditions (growth temperature, growth me-
dium, solid versus liquid culture) had very little affect on sub-
strate utilization profiles by isolates. We noted only a few
exceptions. Pseudomonas sp. strain 31 did not use formic acid
after growth on R2A agar or nutrient agar, even though this
substrate was always used after growth in R2A broth. Cyto-
phaga sp. strain 72 used five additional substrates after growth
on nutrient agar or trypic soy broth agar and used two addi-
tional substrates after growth on R2A agar, as compared with
when it was grown in R2A broth. The only observed temper-
ature effect was that Pseudomonas sp. strain 31 occasionally
used formic acid after growth at 178C but never at other tem-
peratures.
GN Biolog profiles of model communities. Substrate utiliza-

FIG. 3. Color development profiles (OD590; open symbols) and cell density (CFU per milliliter on R2A agar; solid symbols) in wells of Biolog MT microplates
containing 0.25% (wt/vol) galactose, following inoculation with three different bacterial strains each at two different initial concentrations. (A, C, and E) Initial inoculum
density, ;108 CFU/ml; (B, D, and F) initial inoculum density, ;107 CFU/ml.
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tion profiles of whole microbial communities were repeatable
and unique for each community. For these tests, we used
model bacterial communities composed of six (community I)
or four (community II) strains. We specifically included Bacil-
lus and Arthrobacter strains in each community, to see if these
isolates would affect community profiles in any way, even
though when tested as axenic cultures they failed to oxidize any
substrates. Figure 4 depicts the 72-h Biolog GN profile for each
community from two independent experiments. PCA clearly
indicated the degree to which profiles for each community
were unique and reproducible. PCA scores obtained after
analysis of the covariance matrix of 72-h OD590 values are
depicted in Fig. 5. PCA based on the covariance matrix distin-
guished the two model communities, and clustered replicates
of each community from both experiments, on the first PC axis
(Fig. 5). The first covariance PC axis accounted for 65.4%, the
second accounted for 27.3% and the third accounted for 3.9%
of the variation in the data, for a cummulative total of 96.6%.
PC axis 1 had highest loadings on m-inositol, D-raffinose, a-ke-
toglutaric acid, hydroxy L-proline, L-ornithine, and urocanic
acid (all ;0.20) and on lactulose (20.21). These were sub-
strates for which there were consistent differences in the de-
gree of substrate oxidation (i.e., OD590 values) between the
two communities. Community II replicates exhibited much
higher 72-h OD590 values on m-inositol, D-raffinose, a-ketogl-
utaric acid, hydroxy L-proline, L-ornithine, and urocanic acid
and much lower values on lactulose than did community I
replicates in either experiment.
Profiles obtained for each community at earlier times (24 h)

were also unique and reproducible for each community. In this
case, PC axis 1 accounted for 89% of the variation and the first

three PC axes accounted for 97% of the variation in the data.
The first PC axis was most highly correlated with oxidation of
m-inositol, cis-aconitic acid, citric acid, D-gluconic acid, a-ke-
toglutaric acid, D-saccharic acid, L-asparagine, and hydroxy
L-proline (all ;0.26). There were no equivalent negative load-
ings for PC axis 1. Again, these were substrates with the highest
percent change values in community II-A and II-B and rela-

FIG. 4. Number of positive responses at 72 h, as measured by Microlog 2N software, for each of the 95 Biolog GN substrates after inoculation of replicate
microplates with model bacterial communities composed of six soil bacterial isolates (community I) or four soil bacterial isolates (community II). A and B designate
two independent constructions of the identical model community.

FIG. 5. Results of PCA of 72-h OD590 readings taken from Biolog GN
microplates following inoculation with model bacterial communities composed
of six soil bacterial isolates (community I) or four soil bacterial isolates (com-
munity II). A and B designate two independent constructions of the identical
model community. PC1, PC2, PC3, first three principal-component axes. Sym-
bols: U, community I-A; E, community I-B; P, community II-A; F, community
II-B.

VOL. 61, 1995 ANALYSIS OF COMMUNITY SUBSTRATE UTILIZATION PROFILES 1463



tively low values in Community I-A and I-B at 24 h, and the
substrates include some of those important in the analysis of
the 72-h data.
Effect of community composition on Biolog GN profiles.

Positive responses to substrates in community profiles gener-
ally reflected the presence of specific strains capable of using
those substrates. Biolog GN profiles of axenically grown strains
were used to identify ‘‘signature compounds’’ that indicated
the presence of particular strains in our model community
profiles. For example, all the ‘‘signature’’ substrates for
Pseudomonas sp. strain 14 or 31 (D-alanine, alaninamide, D-
glucosaminic acid, L-histidine, D-galactonic acid lactone, mal-
onic acid, or hydroxy L-proline) were positive after 72 h of
incubation. Similarly, the carbohydrate polymers and glycyl-L-
aspartic acid were positive in both communities at 72 h, indi-
cating the presence of Cytophaga sp. strains 19 and 72 in
community I-A and I-B and uniquely indicating the presence
of Cytophaga sp. strain 47 in community II-A and II-B. In
addition, b-methyl glucoside (Cytophaga sp. strain 72) and
D-raffinose (Cytophaga sp. strain 47) uniquely indicated the
presence of these strains in their respective communities. Only
one unexplained positive reading was found. D-Raffinose (sub-
strate 27) was scored as a positive response for every replicate
of community I at 72 h, even though none of the community
members used this substrate when tested alone.
Negative responses at later reading times generally indicated

the absence of strains capable of using a given substrate. The
only exception was that of the three substrates indicative of the
presence of Corynebacterium sp. strain 5 in each community,
xylitol (substrate 33, Fig. 4) was negative in every case follow-
ing 72 h of incubation. At earlier reading times, false-negative
results were more frequently noted, since signature substrates
were not necessarily positive after 24 h of incubation. For
example, 2,3-butanediol (substrate 91, Fig. 4) and thymidine
(substrate 87), indicative of Corynebacterium sp. strain 5, were
negative at 24 h for each community. The presence of Ar-
throbacter sp. strain 42 or Bacillus sp. strain 81 in community I
or of Bacillus sp. strain 94, which made up half the total cell
population of community II, appeared to have no effect on
community profiles.
Effect of community composition on degree of substrate

oxidation. Since PCA grouped our communities on the basis of
responses which were consistently higher in one community
than the other, we examined the underlying reason for rela-
tively high responses, asking whether they might reflect the
presence of several microorganisms using the same substrate
or a single highly active strain. We found no correlation be-
tween the number of strains able to utilize a substrate and the
degree of substrate oxidation. For example, while there were
two Cytophaga spp. in community I but only one Cytophaga sp.
(strain 47) in community II, there was no pattern to the re-
sponses to a-cyclodextrin, dextrin, and glycogen that would
suggest greater utilization in community I than in community
II. Similarly, in both community I (Corynebacterium sp. strain
5, Pseudomonas sp. strain 14, and Cytophaga sp. strain 19) and
community II (Corynebacterium sp. strain 5, Pseudomonas sp.
strain 31, and Cytophaga sp. strain 47), there were three strains
able to oxidize m-inositol and yet community I consistently
exhibited lower responses to m-inositol than community II (so
much so that m-inositol contributed significantly to the PCA).
Kinetics of substrate oxidation by communities. Although

the rate and extent of substrate oxidation by communities were
reproducible community parameters, they were not simply the
sum of those exhibited by the isolates that formed the com-
munity. Communities composed of three strains (Corynebacte-
rium sp. strain 5, Cytophaga sp. strain 72, and Pseudomonas sp.

strain 31) were constructed, and the rate of galactose oxidation
by the community, as well as the viable cell count for each
community member at eight times during incubation, was de-
termined (Fig. 6A and B). The rate of galactose oxidation for
the community of three isolates was intermediate between the
profiles of Cytophaga sp. strain 72 and Pseudomonas sp. strain
31 (Fig. 6A and B). Neither of these strains exhibited any
pattern in viable counts which would explain the profile of the
community (Fig. 6B). Corynebacterium sp. strain 5, inoculated
at a density of 6 3 107 CFU/ml, could not be detected in the
wells (detection limit,$104 CFU/ml) at any subsequent time in
the experiment. The most pronounced effect of inoculum den-
sity was a lag in color development (data not shown). In ex-
periments in which each of the three community members was
paired with one other member (data not shown), Corynebac-
terium sp. strain 5 had no effect on the rate of substrate oxi-
dation exhibited by either Cytophaga sp. strain 72 or Pseudo-
monas sp. strain 31. However, when Cytophaga sp. strain 72
was paired with Pseudomonas sp. strain 31, the resulting profile
was intermediate between the profiles of the two individual
strains and appeared similar to the community profile depicted
in Fig. 6B. This result confirmed those obtained with our
model communities in that the degree of substrate oxidation
exhibited by a community does not reflect the number of or-
ganisms in the community that are able to utilize that sub-
strate. Similar experiments were done with additional test sub-
strates (Fig. 6C to F). Color development profiles for both
isolates and combinations were substrate specific and highly
reproducible (Fig. 6).
Soil communities. On the basis of the results obtained with

model communities, we anticipated that whole-community
substrate utilization patterns could be used to distinguish be-
tween rhizosphere and bulk soil communities. In experiments
with soil microbial community samples taken from greenhouse
plantings, we were unable to group such communities on the
basis of the presence or absence of a positive response to
specific substrates or their kinetics of substrate oxidation. The
lack of similarity among sample replicates suggested mi-
croscale spatial heterogeneity in these soils. Figure 7 depicts
these results and shows that (i) there was no pattern of sub-
strate utilization or kinetic profile distinguishing rhizosphere
from bulk soil, either within or between pots, and (ii) there was
no reproducible kinetic profile, especially on cellobiose or N-
acetylglucosamine, within rhizosphere or bulk soil samples
from the same pot. Patterns were equally variable for all other
samples. Although we did not determine the inoculum density
for each soil suspension, one tested rhizosphere sample (pot 1,
Rhiz 1, Fig. 7) contained 7.5 3 105 CFU/ml at the time of
inoculation and exhibited values ranging from 1.25 3 108 to 9
3 108 CFU/ml in every well, including the blank, at the time
color development began (20 h after inoculation). There was
no significant color development in the blank well associated
with this increase in cell density. All samples initiated color
development at about the same time (Fig. 7), which suggests
equivalent inocula. Readings (OD590) of all 36 samples at 30 h
(approximate midpoint of color development profile) were an-
alyzed by PCA, but no separation of samples with regard to
origin (pot number) or type of sample (rhizosphere versus bulk
soil) was possible.

DISCUSSION

Community-level carbon source utilization (Biolog) profiles
have recently been introduced as a means of classifying micro-
bial communities on the basis of heterotrophic metabolism (2).
Such a classification system might allow microbial ecologists to
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compare the metabolic roles of microbial communities from
different environments without involving tedious isolation and
identification of community members. The simplicity of the
method and the commercial availability of Biolog plates are
particularly attractive. However, no tests of the reproducibility
of community Biolog profiles or of their accuracy in depicting
community structure or activity have been reported. Our use of
model soil bacterial communities for which the taxonomic
structure and expected carbon substrate utilization pattern
were known a priori allowed us to determine the strengths and
weaknesses of this approach to microbial community classifi-
cation.
Our experiments confirm that more-dilute inocula result in

protracted rates of color development for both isolates and

simple communities. Both Garland and Mills (2) and Winding
(5) noted a correlation between inoculum cell density and the
rate of color development and dealt with this problem in dif-
ferent ways. Winding (5) and Zak et al. (6) recorded data after
3 days and after 60 h of microplate incubation, respectively,
and neither made adjustments for different inoculum cell den-
sities. Garland and Mills (2) adjusted for this phenomenon by
calculating an average well color development value for each
microplate. This value was obtained by calculating the raw
difference between the optical density in each well and that in
the control well and then summing all these values and dividing
by 95. Every value for each substrate was then divided by the
average well color development for that microplate to normal-
ize comparisons between samples with different inoculum den-

FIG. 6. Triplicate color development profiles (OD590) exhibited by three bacterial strains (72, Cytophaga sp. strain 72; 31, Pseudomonas sp. strain 31; 5,
Corynebacterium sp. strain 5) inoculated independently (A, C, and E) or as a combination of all three strains (B, D, and F) to wells of Biolog MT microplates containing
0.25% (wt/vol) galactose (A and B), asparagine (C and D), or cellobiose (E and F). Panel B (open symbols) also indicates the cell density of Cytophaga sp. strain 72
and Pseudomonas sp. strain 31 at selected intervals during one experiment. Corynebacterium sp. strain 5, inoculated at a cell density of ;6 3 107 cells per ml, was not
detected at any of the indicated intervals during the same experiment.
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sities. Our results support the conclusion of Garland and Mills
(2) that optimal use of this approach requires samples of ap-
proximately equivalent inoculum densities. If this criterion is
not met, community comparisons based on either (i) positive
and negative responses to the 95 Biolog substrates or (ii) the
degree of substrate oxidation of particular substrates will be
compromised by the slow response of dilute inocula. For ex-
ample, Zak et al. (6) compared the total number of substrates
used and the ‘‘activity levels’’ (summation of absorbance val-
ues) for six different desert soil microbial communities at 12-h
intervals over a 72-h incubation. One group of three commu-
nities consistently used more substrates and showed higher
activity levels than the remaining three communities at every
reading time, strongly suggesting an inoculum density effect.
Although these authors noted some community differences in
substrate utilization among the three ‘‘active’’ communities,
the remaining (less-active) communities were grouped simi-
larly by every statistical approach. Unfortunately, Zak et al. (6)
did not report inoculum density for their samples, so the sig-
nificance of their findings is not clear.
Both Garland and Mills (2) and Winding (5) noted that

growth occurred in Biolog microplate wells, and both sug-
gested that the Biolog community substrate utilization assay
reflects the growth of a proportion of the community which is
capable of utilizing Biolog substrates. We determined that
while growth in wells did occur, especially when dilute inocula

were used (Fig. 3), this growth was not correlated with the rate
or extent of substrate oxidation. In our experiments, growth
without attendant color development occurred in blank wells
for isolates, model communities, and soil samples, and isolates
displayed equivalent growth but different color development
profiles on the same substrates. In simple model communities,
substrate oxidation profiles were not directly correlated with
the growth of isolates which used the substrate (Fig. 6).
Although substrate oxidation profiles are not a direct rep-

resentation of bacterial growth, we note that Biolog substrate
oxidation responses for both isolates and communities often
exhibit a lag phase, an exponential phase, and a stationary
phase, as do bacterial growth curves. This nonlinearity has
important implications for the interpretation of single fixed-
time readings of community Biolog responses, as Garland and
Mills (2) first noted. Substrates extensively used by a single
community after, for example, a 72-h incubation, may not be
the same as those used most extensively at prior reading times.
For example, in PCA of our model communities, there were
only three substrates with high correlations on the first PCA
axis at both 24 and 72 h. Several other substrates were signif-
icant to the PCA at only one of the reading times; conse-
quently, the substrates interpreted by multivariate analysis to
be most significant in distinguishing the communities changed
over the course of the experiment. The optimum approach to
the use of Biolog microplates for community analysis would

FIG. 7. Color development profiles (OD590) for soil samples taken from the rhizosphere and bulk soil of greenhouse-maintained plantings of corn. Rhizosphere
samples (RHIZ 1 to RHIZ 3) and bulk soil samples (BULK 1 to BULK 3) from two different pots (POT 1 or POT 2) were inoculated to a Biolog MT microplate
containing seven carbon substrates. ASP, aspartate; ASN, asparagine; FER, ferulic acid; GLU, glucose; CEL, cellobiose; CMC, carboxymethyl cellulose; NAG,
N-acetylglucosamine. Blank wells contained only buffer. Absorbance readings were initiated at 20 h postinoculation and were taken at 2-h intervals for 24 h.
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seem to require careful monitoring of color development so
that effects of nonlinearity can be accounted for in the final
interpretation of community response.
We have demonstrated for the first time that the pattern of

positive and negative responses and substrate oxidation rate
and extent were highly reproducible for simple microbial com-
munities (Fig. 6), if inoculum density was controlled. Replicate
microplates inoculated with the same microbial community
and plates inoculated with two independent constructions of
the identical model communities exhibited nearly equivalent
Biolog GN profiles (Fig. 4 and 5). In these experiments, the
microplates were inoculated with communities having similar
cell densities. With the potential complication of different in-
oculum cell density controlled in our experiments, we obtained
similar results with 24- and 72-h readings. PCA reflected the
reproducibility and uniqueness of the model community pro-
files. Replicate microplates inoculated with the same microbial
community tended to cluster on the first PCA axis, which
typically accounted for .60% of the variation in the data set.
Furthermore, the two different communities were clearly sep-
arated on the first PCA axis.
Our results imply that if different samples of similar inocu-

lum density exhibit differences in the pattern of positive and
negative responses to the 95 substrates in Biolog GN micro-
plates, this probably reflects real differences in community
composition. Moreover, positive and negative community re-
sponses to particular Biolog substrates may be interpreted with
regard to whether utilizers of those substrates are present in
the community. Our experiments do not address the impact of
rare community members on community substrate utilization
profiles. However, we would anticipate that dramatic differ-
ences in response to a substrate across replicates (e.g., negative
in most replicates but strongly positive in one) might indicate
the presence of rare community members in the inoculum.
If communities exhibit differences in the rate and extent of

oxidation of particular Biolog substrates and these communi-
ties are segregated in multivariate analyses on the basis of
differences in the degree of oxidation of particular substrates,
does this indicate, as suggested by others (2, 5, 6), real differ-
ences in community function or metabolic potential? Our re-
sults suggest that interpretation of substrate utilization profiles
with regard to either community taxonomic composition or
numbers and activities of substrate utilizers will be complicated
for two reasons. First, the failure of some bacterial strains to
produce any response in Biolog microplates suggests that the
microplate environment is ‘‘selective’’ and therefore will de
facto fail to represent the metabolic activity of all members
when inoculated with whole-community samples. Bacteria
which produce no response in Biolog microplates may do so
because the cells fail to maintain viability (as noted for the
negative response of Corynebacterium sp. strain 5 to galactose
in Fig. 3) or because they do not use the substrate. The pres-
ence of Corynebacterium sp. strain 5 in combination with Cy-
tophaga sp. strain 72 and Pseudomonas sp. strain 31 had no
effect on their rates of substrate oxidation, and Bacillus strains,
which gave no response in Biolog GN plates, had no effect on
the community responses to all 95 substrates in Biolog GN
microplates. On the basis of these results, we assume that the
presence of nonactive bacteria in a community may have no
detectable effect on the community profile. This phenomenon
will complicate any attempt to extrapolate from community
Biolog profiles to in situ community activities.
Second, the kinetic profile for a combination of isolates is

not a simple summation of their individual profiles; therefore,
the degree of oxidation of particular substrates cannot be in-
terpreted with regard to the number or activity of community

members carrying out that oxidation. While kinetic profiles for
isolates and communities were highly reproducible, there was
no means to predict isolate or community responses. For com-
munities of two or three isolates, we found kinetic patterns in
which the rate and extent of color development were less than
or equal to those of the most active member. Importantly, we
noted no additive community response, and there was no evi-
dence for synergism between isolates in the kinetic analyses.
This means that the degree of substrate oxidation is not a
function of the number of utilizers or of their individual activ-
ities. This conclusion was further substantiated by our experi-
ments with model communities, for which we found no corre-
lation between the number of utilizers and the degree of
substrate oxidation. In fact, for some substrates which were
significant in the differentiation of the two communities by
PCA, there were the same number of utilizers in both com-
munities.
In general, PCA separated our two model communities on

axes which could be interpreted in logical and expected ways,
typically on the basis of responses which were very high in one
community and correspondingly low or negative in the other
community. The emphasis on negative results is important,
since our data indicate that nonutilization of a substrate by a
community accurately reflects the likelihood that no, or rare,
community members in the inoculated sample would produce
a Biolog response on that substrate. The dependence of PCA
separation on degree of substrate oxidation is more problem-
atic because (i) the degree of substrate oxidation at a particular
time may be a function of inoculum cell density, (ii) different
microorganisms which use the same substrates oxidize those
substrates to different extents, and (iii) the substrate oxidation
profiles of communities are not simple summations of the
individual profiles of their constituent members. Environmen-
tal samples may contain several populations capable of utiliz-
ing a given substrate, all at undetermined cell densities, and
exhibiting a variety of kinetic responses in Biolog microplates.
Our research with isolates and simple combinations of isolates
clearly indicates that while whole-community substrate utiliza-
tion profiles constitute reproducible signatures useful in clas-
sifying microbial communities, differences in the rate and ex-
tent of color development associated with such samples cannot
be interpreted with regard to the number of utilizers or to the
metabolic potential or function of the community.
We found that the patterns and kinetics of substrate utiliza-

tion varied between replicate samples of rhizosphere or bulk
soil. This in itself may be significant, since we have clearly
demonstrated that both within-well substrate oxidation rates
and the pattern of responses to multiple substrates are highly
reproducible for both isolates and communities. We have also
shown that differences in community kinetic profiles on a given
substrate are most probably due to differences in community
composition if inoculum density is not a factor. As a result,
differences in substrate utilization profiles for replicate sam-
ples from soil may indicate real differences in community com-
position. If this is the case, whole-community substrate utili-
zation profiles might be used to assess the fine structure of
microbial community distribution across relatively small envi-
ronmental gradients. Winding (5) reported the ability to dis-
criminate between different size fractions of the same soil by
using Biolog GN profiles, but since not all her samples were
subjected to the same dilution, there were different initial
densities of bacteria in the soil samples, and only a single
reading was taken after 3 days of incubation, it was difficult to
determine the basis for the observed differences.
In our experiments, differences between the bulk-soil and

rhizosphere communities might have been elucidated by using
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an extended suite of compounds or Biolog GN microtiter plates.
In experiments not described here, we found that 42 substrates
were sufficient to distinguish between our model soil commu-
nities and 21 substrates were sufficient to distinguish between
experimentally manipulated stream biofilm communities (4).
Therefore, the number of substrates is not as important as
whether there are differences in their use by communities. We
foresee that the use of researcher-selected compounds and the
addition of kinetic readings will increase the potential appli-
cations and strengthen the interpretation of whole-community
substrate utilization patterns. Profiles such as those shown in
Fig. 7 can then be obtained to provide information useful in
choosing the appropriate time to compare readings between
samples and allow the investigator to assess whether features
such as increased lag time associated with decreased inoculum
density should be considered. Kinetic profiles can be charac-
terized by fitting the data to an appropriate equation, and the
resulting parameters determined from curve fitting could be
entered into a statistical analysis, providing greater analytical
power for ecological studies.
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