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Microbiologists have been using agar growth medium for over 120 years. It revolutionized microbiology in the 1890s when mi-
crobiologists were seeking effective methods to isolate microorganisms, which led to the successful cultivation of microorgan-
isms as single clones. But there has been a disparity between total cell counts and cultivable cell counts on plates, often referred
to as the “great plate count anomaly,” that has long been a phenomenon that still remains unsolved. Here, we report that a com-
mon practice microbiologists have employed to prepare agar medium has a hidden pitfall: when phosphate was autoclaved to-
gether with agar to prepare solid growth media (PT medium), total colony counts were remarkably lower than those grown on
agar plates in which phosphate and agar were separately autoclaved and mixed right before solidification (PS medium). We used
a pure culture of Gemmatimonas aurantiaca T-27T and three representative sources of environmental samples, soil, sediment,
and water, as inocula and compared colony counts between PT and PS agar plates. There were higher numbers of CFU on PS
medium than on PT medium using G. aurantiaca or any of the environmental samples. Chemical analysis of PT agar plates sug-
gested that hydrogen peroxide was contributing to growth inhibition. Comparison of 454 pyrosequences of the environmental
samples to the isolates revealed that taxa grown on PS medium were more reflective of the original community structure than
those grown on PT medium. Moreover, more hitherto-uncultivated microbes grew on PS than on PT medium.

An enigma termed the “great plate count anomaly” is a central
issue in microbiology; only a small proportion of viable cells

in microbial communities can be grown using agar (or other gell-
ing agents) growth media (1). Investigators have been attempting
to identify factors limiting cultivation of most microbes on agar
plates for a long time (2, 3), but more research is necessary since
numerous phylogenetic groups of environmental microbes still
lack cultivated representatives. With the advent of state-of-the-art
sequencing technologies (4, 5), researchers have been trying to
circumvent the limitation and laboriousness of isolation work by
sequencing genomes of entire communities to reveal potential
novel functions and phylogenetic relationships (6–8). Nonethe-
less, the isolation of microorganisms is still necessary for microbi-
ologists to study organisms genetically and physiologically in
depth in the laboratory.

A number of different strategies have been used to successfully
increase the number of cells cultivated from environmental sam-
ples as well as to isolate novel bacterial taxa. Some examples of
strategies that have been successfully used to improve cultivation
efficiency include mimicking the natural environment (9, 10),
physically separating cells to decrease competition or growth in-
hibitors (11, 12), and modifying growth media to be more reflec-
tive of the natural environment (12, 13). In some cases investiga-
tors have subsequently identified specific factors required to
cultivate previously uncultivated taxa (14, 15). A number of stud-
ies have empirically shown increases in CFU counts when catalase
or pyruvate was added to the medium (16–22), indicating that
oxidative stress can inhibit colony growth. The variety of factors
that may be limiting laboratory cultivation is vast, making it a
challenge to identify specific growth medium components re-
quired for, or inhibitory to, cell growth.

In addition to chemical components and growth conditions,

the method used for medium preparation can also impact culti-
vation. Detrimental and beneficial chemical reactions between
medium components have been found to occur during autoclav-
ing of liquid medium. Early studies demonstrated both growth
inhibition (23) and stimulation (24) of some bacterial species
when phosphate and glucose were autoclaved together. Maillard
reaction products have also been shown to inhibit bacterial
growth (25). More recently, furan-2-carboxylic acids, which can
inhibit bacterial swarming on agar surfaces, were found in various
amounts in commercial agars (26). But studies on specific factors
in agar leading to bacterial growth inhibition are limited.

Gemmatimonas aurantiaca T-27T was isolated in our labora-
tory as the first cultivated representative of the phylum Gemmati-
monadetes (27). This organism had eluded cultivation for many
years because it grew poorly (very low CFU counts and slow
growth) on agar plates, but it was finally found to grow well on
medium solidified with gellan gum (28). Since the only difference
between the growth media was the gelling agents used, we hypoth-
esized that the agar or products produced from the agar interact-
ing with some other medium components were inhibiting G. au-
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rantiaca growth. The first objective of the study was to identify
differences in G. aurantiaca cultivation on agar growth media pre-
pared using two different procedures, i.e., with phosphate and
agar autoclaved separately (PS method, where P is phosphate and
S is separately) or together (PT method, where T is together).
Hydrogen peroxide concentrations were measured in these media
to test if a reactive oxygen species (ROS) was potentially contrib-
uting to growth inhibition. The second objective of this research
was to determine differential colony growth on these agar me-
dium preparations inoculated with samples collected from three
different environmental sources. This paper scrutinizes the nega-
tive effect of autoclaving phosphate together with agar on colony
formation of bacteria to determine if this pitfall of agar medium
preparation has been a long-overlooked factor contributing to
reduced cultivation efficiency from environmental samples.

MATERIALS AND METHODS
Gemmatimonas aurantiaca cultivation conditions. G. aurantiaca T-27T

(27) was routinely grown in liquid PYG medium (Polypeptone [Nihon
Pharmaceutical Co., Ltd., Tokyo, Japan], yeast extract, and glucose; 0.5 g
liter�1 of each) at 30°C with shaking. Growth inhibition of G. aurantiaca
was tested in PYG medium with the addition of different concentrations
of phosphate buffer (ranging from 0.5 to 10 mM Na2HPO4-KH2PO4, pH
7.0) and agar (15 g liter�1). Media were prepared by autoclaving the
phosphate buffer and agar either together (T) or separately (S). The PYG
medium (20� concentrated) component was always autoclaved sepa-
rately from the agar and phosphate buffer. Diluted G. aurantiaca cultures
(100 �l; optical density at 600 nm [OD600] of �10�5) were spread onto
the agar media and incubated at 30°C for 11 days.

To test if colony formation could be restored by catalase, 10 �l of
filter-sterilized bovine liver catalase solution (10 mg/ml, dissolved in 100
mM phosphate buffer; Wako Pure Chemical Industries, Ltd., Osaka Ja-
pan) (T-Cat) was placed in the center of agar plates prepared by autoclav-
ing phosphate buffer (3 mM) and agar together as described above. Con-
trols had 10 �l of 100 mM phosphate buffer (T-PB) added to plates
instead of the catalase solution. Plates were incubated at 30°C for 14 days.
All media were autoclaved for 15 min at 121°C.

Hydrogen peroxide analyses. The agar-solidified medium was frozen
at �80°C and then thawed at room temperature in order to cause synere-
sis. The remaining gel solids were squeezed, and the liquid fraction was
collected for analysis. The H2O2 concentration in the liquid fraction was
measured according to the method of Jiang et al. (29), with minor modi-
fications. The sample (0.5 ml) was mixed with 10 �l of 50 mM phosphate
buffer (pH 7.0), and then 0.5 ml of freshly prepared 2� assay reagent (200
mM sorbitol, 200 �M xylenol orange, 500 �M ferrous ammonium sulfate,
50 mM H2SO4) was added. A sample blank was prepared by eliminating
the H2O2 in the sample prior to the addition of the 2� assay reagent; 50
mM phosphate buffer that contains bovine liver catalase (100 �g/ml) was
used instead of the plain buffer. Absorbance was read at 560 nm after a
45-min incubation at room temperature. The concentration of the H2O2

standard solution was determined using the extinction coefficient of 43.6
M�1 · cm�1 at 240 nm.

To determine if H2O2 generation after autoclaving was dependent on
phosphate concentration, the effect of increasing phosphate was tested.
Solutions of 0.75 g of agar suspended in 50 ml of buffer with phosphate
concentrations ranging from 0 (i.e., pure H2O) to 30 mM (Na2HPO4-
KH2PO4, pH 7.0) were autoclaved together or separately. For the separate
preparation, phosphate buffer (100 mM Na2HPO4-KH2PO4 stock, pH
7.0) was autoclaved and then added to achieve final concentrations rang-
ing from 1 to 30 mM. At least five independent experiments were per-
formed.

Environmental sample sources and collection. Sources used for cul-
tivation experiments were soil, sediment, and water. Samples were col-
lected in triplicate from three different locations in the city of Sapporo,

Hokkaido, Japan (43°7=N, 141°34=E). Soil and sediment samples were
collected within Hokkaido University campus. Soil samples from a depth
of 5 to 10 cm below the surface were collected from a small forest near the
Faculty of Agriculture building. Sediment samples were taken from the
bottom of a shallow pond (0 to 10 cm) located in the Hokkaido University
campus. Water samples were taken from the surface of the Toyohira River
flowing through the center of the city of Sapporo. Reproducibility and
variability in results were determined using triplicate samples collected
within a square-meter area at each location. Samples were immediately
placed on ice after collection and stored at 4°C in the laboratory until used
in cultivation experiments within 3 h of collection. Subsamples were
stored at �20°C until DNA extractions were performed.

Environmental sample growth medium preparation. A bacterial
growth medium similar to the one used in the G. aurantiaca experiments,
but with some additional components, was used to increase the diversity
of environmental isolates (30). The medium constituents were grouped
into three, and each solution (solutions A, B, and C) was prepared before-
hand with final concentrations as follows: for solution A, 2.27 mM
(NH4)2SO4, 0.2 mM MgSO4, 45 �M CaCl2, and 15 g liter�1 Bacto agar; for
solution B, 10 mM KH2PO4 and 10 mM Na2HPO4·12H2O; for solution C,
0.1 g liter�1 Bacto peptone, 0.1 g liter�1 Bacto yeast extract, and 0.1 g
liter�1 glucose. Using these solutions, three medium/preparation meth-
ods, designated PT, PS, and PW (where W is without), were tested. The
third component was always autoclaved separately to prevent glucose
from reacting with phosphate during autoclaving. The PT method al-
lowed phosphate and agar to interact during autoclaving as solutions A
and B were mixed together prior to autoclaving, and then the separately
autoclaved solution C was added prior to pouring the medium. With the
PS method, phosphate and agar were not exposed together during auto-
claving; solutions A, B, and C were autoclaved separately and then mixed.
For the PW method, solution B was excluded from the medium and so-
lutions A and C were autoclaved separately and mixed to make the me-
dium theoretically phosphate free. But inductively coupled plasma-
atomic emission spectrometry (ICP-AES) and Optima 4300DV (31)
analysis of acid-hydrolyzed PW medium indicated that a trace amount of
phosphate (ca. 6 �M) was still present, likely originating from trace P
contamination in the chemicals used to make the medium. All media were
autoclaved for 15 min at 121°C.

Cultivation using environmental samples. Three independent sam-
ples for each environmental source were suspended in sterile distilled
water and diluted in a 10-fold series from 10�1 to 10�6 using sterile dis-
tilled water. Aliquots (100 �l) from each dilution were inoculated onto
five replicate plates (90 by 20 mm) of PT, PS, and PW media and incu-
bated at 25°C under dark conditions. This provided both biological and
technical replication to determine major sources of variation in the re-
sults. The number of CFU on each medium was determined from 1 week
of daily colony counts. Only plates with 30 to 300 CFU were included in
the cultivation results reported. A total of 6,528 colonies were randomly
picked, representing all environmental source-cultivation medium com-
binations, and identified based on 16S rRNA gene sequences.

DNA extraction. Total DNA from soil and sediment samples was ex-
tracted using an Extrap Soil DNA Plus kit, version 2 (Nippon Steel and
Sumikin Eco-Tech Corporation) according to the manufacturer’s in-
structions. Total DNA from river samples was extracted using the proto-
col of Fuhrman et al. (32) with the exception that a membrane prefilter
(10-�m pore size; Advantec) was used instead of a glass filter. The ex-
tracted DNA was dissolved in 50 �l of Tris-EDTA (TE) buffer, quality
checked by a 1% agarose gel stained with ethidium bromide, quantified by
spectrophotometry at an OD260, and stored at �20°C until use.

DNA Sanger sequencing and 454 pyrosequencing. After a week, col-
onies from the agar plates were transferred to PCR tubes containing lysis
solution, and chromosomal DNA to be used as the template for sequenc-
ing was extracted by heating tubes in a microwave (50 s). A partial frag-
ment of the 16S rRNA gene was PCR amplified using a 1:1 mixture of 10
pmol/liter of universal primers 27F (5=-AGA GTT TGA TCM TGG CTC
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AG-3=) and 1492R (5=-TAC GGY TAC CTT GTT ACG ACT T-3=) (33)
and a KOD FX Neo kit (Toyobo). PCR was carried out in 25-�l reaction
volumes using Perkin-Elmer GeneAmp System 9700 (Perkin-Elmer) with
the following thermal cycling program: initial denaturation at 94°C for 2
min, followed by 30 cycles of 98°C for 10 s, 55°C for 30 s, and 68°C for 90
s, with a final hold at 4°C. The PCR products were purified using a Nucle-
oSpin Gel and PCR Cleanup kit (TaKaRa) and then used as templates for
sequencing. Sanger sequencing was performed using primer 357F (5=-
CTC CTA CGG GAG GCA GCA G-3=) by the TaKaRa Bio Company.

For 454 pyrosequencing PCR amplification was performed using the
16S rRNA gene universal primers 519F (5=-CAG CMG CCG CGG TAA
TWC-3=) and 907R (5=-CCG YCA ATT CMT TTR AGT T-3=) with a
Roche sequencing adapter added to the forward primer. Samples were
multiplexed using 10-nucleotide-long bar codes. PCRs were carried out in
20-�l volumes using a Phusion High Fidelity DNA polymerase kit
(Finnzymes) according to the manufacturer’s instructions, with the fol-
lowing thermal cycling program: initial denaturation at 98°C for 30 s,
followed by 25 cycles of 98°C for 8 s, 70°C for 20 s, and 72°C for 30 s, with
a 5-min final extension step at 72°C. The concentration of template used
for PCR was 60 ng · �l�1 for soil and sediment samples and 10 ng · �l�1 for
river samples. Amplicons from eight independent PCRs were combined
into one tube and then purified using a Wizard SV Gel and PCR Clean-Up
System (Promega). Pyrosequencing was performed by Hokkaido System
Science Co., Ltd., using a Genome Sequencer FLX and GS FLX Titanium
reagents (Roche).

Sequence analyses. The 16S rRNA gene sequences, determined using
the Sanger sequencing method, from all isolated bacteria were checked for
chimeras using Decipher (34), and quality was checked using an ABI
3730xl base caller (Applied Biosystems). Possible chimeric sequences and
sequences less than 400 bases were deleted. To determine the novelty of
taxa isolated, all sequences were taxonomically classified using the Ribo-

somal Database Project (RDP) Classifier at a confidence threshold of 80%.
Isolates were considered novel if they had less than a 97% match to the
RDP database using the Classifier program (35). Diversity analysis was
performed using the QIIME pipeline (36).

Pyrosequence data were processed using the QIIME pipeline (36)
(version 1.7). Pyrosequences were first denoised (37) and then clustered
into operational taxonomic units (OTUs) along with the isolate sequences
at the 97% similarity level using UCLUST (38). The OTUs were aligned
using PyNAST (39) against the Greengenes core reference alignment (40).
Chimeric sequences were removed using Chimera Slayer (41). The taxo-
nomic identity of each phylotype was determined using RDP Classifier
(35) based on Greengenes taxonomy and a Greengenes reference database
(42) (version 13_5). Alpha diversity was analyzed using the following
metrics: total observed species, Chao1, Shannon, and phylogenetic dis-
tance (PD). Principal coordinate analysis (PCoA; beta-diversity analysis)
was conducted using Euclidean distances (Bray-Curtis) and phylogenetic
distances (weighted and unweighted UniFrac) (43).

Statistical analysis. Data were presented as means with standard er-
rors (� SE) or standard deviations (SD). Significant differences among
different medium preparations were determined using a Student t test.
Statistical analysis (e.g., perANOVA) comparing taxa between communi-
ties was performed using software available through the QIIME pipeline.
All differences were considered significant at a P value of �0.05.

RESULTS
Gemmatimonas aurantiaca cultivation on agar medium. There
was a distinct difference in colony numbers on solid medium
when agar and phosphate were autoclaved separately versus to-
gether (Fig. 1A and B). When agar was autoclaved separately,
equivalent colony numbers (�300 CFU) grew on plates with

FIG 1 Inhibitory effect of growth medium preparation method on Gemmatimonas aurantiaca T-27T colony formation. Liquid precultures [OD600 of 0.055,
diluted (5.5 � 103)-fold] were spread onto PYG medium with phosphate buffer and agar autoclaved together (A) or separately (B) or with no phosphate addition
(C). (D) Restoration of colony formation on PYG plates made by autoclaving phosphate and agar together (3 mM; T-PB) and by adding catalase to the center of
plates (3 mM; T-Cat). A culture of G. aurantiaca (OD600 of 0.045, diluted 103-fold) was spread onto agar medium and then either filter-sterilized bovine liver
catalase solution (10 mg/ml) (T-Cat) was placed onto the center of the plate or just phosphate buffer was used for controls (T-PB). Plates were incubated at 30°C
for 14 days.
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phosphate concentrations ranging from 0.5 to 3 mM. There was a
slight reduction when 10 mM phosphate was used (�180 CFU).
Growth was even seen in control plates with no phosphate added
(Fig. 1C), suggesting that there was sufficient phosphate contam-
ination in the chemicals used to make the medium to support
growth of G. aurantiaca. In contrast, when phosphate and agar
were autoclaved together, differences in colony numbers were
seen. Colonies were still present on medium made using 0.5 mM
phosphate (�230 CFU), and a reduced number was present on 1
mM phosphate plates (�100 CFU). However, colony formation
was completely inhibited using phosphate concentrations of 1.5
mM and higher (0 CFU). By adding catalase to the plates made by
autoclaving phosphate and agar together, colony growth inhibi-
tion could be counteracted (Fig. 1D).

Analysis of hydrogen peroxide in agar media. Since the addi-
tion of catalase onto agar medium increased the number of CFU,
the hydrogen peroxide concentration was measured. Hydrogen
peroxide (H2O2) was produced in PT and not PS medium (Fig. 2).
Hydrogen peroxide concentration in the medium was dependent
upon phosphate concentration, but the trend was not linear. Hy-
drogen peroxide remained in the agar media even after weeks of
storage (data not shown).

Comparison of CFU counts on different medium prepara-
tions using three sources of environmental inocula. The number
of CFU formed among the triplicate samples from each source was
highly variable, particularly for the river water samples, due to the
heterogeneous nature of these environments. Water samples are
known to be highly variable because of the patchiness of bacterial
distribution (44). However, for the three media, PT, PS, and PW,
the lowest number of CFU formed on PT medium, which was a
common trend seen within each sample with the exception of one
river sample (Fig. 3). Using sediment and soil samples, the num-
ber of CFU on PT was almost one order of magnitude lower than
on PS medium. This indicates that high concentrations of phos-

phate (20 mM phosphate in this experiment) did not inhibit col-
ony formation but likely resulted from a reaction that occurred
when phosphate was autoclaved with agar. In most samples, the
numbers of CFU on PW medium were similar to or higher than
CFU counts on PS medium. This trend of higher CFU counts on
PW medium was most consistent among the replicate sediment
samples. These results strongly indicate that only a trace amount
of phosphate suffices for colony formation on agar medium, and
this trace amount does not interact with agar to inhibit colony
growth. Subsequent laboratory propagation of organisms fre-
quently isolated from PS and not PT medium confirmed that these
isolates formed colonies on PS but not on PT medium (see Fig. S1
in the supplemental material).

Composition of a cultivated microbial community using 16S
rRNA gene sequences. A total of 6,528 colonies were picked from
agar plates for Sanger sequencing, but after quality screening 4,763
were kept to determine their phylogenetic positions using partial
16S rRNA gene sequences (1,134 from soil, 1,573 from sediment,
and 2,056 from river, consisting of 1,258 from PT, 1,863 from PS,
and 1,642 from PW media). Comparisons at the phylum level of
the composition of isolates obtained on the three different media
showed two consistent trends across the environmental sources
(Fig. 4). A greater proportion of isolates belonging to the phylum
Actinobacteria were obtained on PT medium than on PS and PW
media. The difference in composition was mainly attributed to
growth on PS and PW media of a greater proportion of Bacte-
roidetes from river water and soil and of Proteobacteria from sed-
iment. This was also evident at the genus level using the alpha
diversity measures (Chao1, observed species, and PD whole tree);
the diversity of isolates from PT medium differed significantly
(P � 0.05) from that of PS and PW media for each environmental
source (Table 1). Examination of genera contributing to the dif-
ferences in the phylum Bacteroidetes on the different media was
most evident in the soil, where the proportions of Flavobacterium
colonies recovered from PS and PW media were large while no
colonies were recovered from PT medium (see Table S1 in the
supplemental material). Compositional differences were also
shown in comparisons of beta diversity measures in which a clear
separation of communities in the three environmental sources
were seen using Euclidean distances (see Fig. S2 in the supplemen-
tal material), a measure of shared taxa, whereas using phyloge-
netic distances (see Fig. S3), there was an overlap between sedi-
ment and soil communities. There was also separation of samples
by the growth media used to obtain isolates. Using Euclidean dis-
tance, the clearest difference was within the sediment samples,
where isolates from PT medium clustered separately from those
from PS and PW media. Using unweighted UniFrac, however,
there was a general trend for all communities isolated on PT me-
dium to separate from those from PW and PS media along the
second PCoA axis.

One of the most important findings from this work is the differ-
ence in the novelty of microorganisms obtained from each medium.
At the genus level, the ratio of novel isolates grown on PS and PW
media was higher than on PT medium from all three environmental
sources tested (Fig. 5). In particular, isolates obtained from the sedi-
ment grown on PS and PW media were found to harbor over 30%
hitherto-uncultivated organisms. This is notable compared to the ra-
tio of novel taxa isolated from soil and river samples.

Noncultivation-based determination of microbial commu-
nity composition using 16S rRNA gene sequences. Using a cul-

FIG 2 Hydrogen peroxide (H2O2) generation from agar with increasing phos-
phate concentrations after autoclaving agar and phosphate either together or
separately. Two preparation methods are represented: 0.75 g of Bacto agar was
suspended in 50 ml of buffer with phosphate concentrations ranging from 0
(i.e., pure H2O) to 30 mM (Na2HPO4-KH2PO4, pH 7.0), and agar and phos-
phate were autoclaved together; alternatively, 0.75 g of agar was suspended in
50 ml of water and autoclaved, and then autoclaved phosphate buffer (100 mM
Na2HPO4-KH2PO4 stock, pH 7.0) was added to final concentrations ranging
from 1 to 30 mM. Means of at least five independent experiments with stan-
dard deviations are shown.
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tivation-independent approach, pyrosequencing produced a total
of 974,399 high-quality reads of 16S rRNA gene sequences from
the three types of environmental samples (number of reads were
as follows: soil sample replicate 1, 114,616 reads; replicate 2,
117,502; and replicate 3, 106,076; sediment replicate 1, 119,340;
replicate 2, 114,714; and replicate 3, 137,867; and river replicate 1,
128,505; replicate 2, 135,779; and replicate 3, no reads as insuffi-
cient DNA was extracted for pyrosequencing). Pyrosequencing
revealed the presence of many more phyla (40 in soil, 56 in sedi-
ment, and 53 in river water) than was evident by cultivation (6 in
soil, 5 in sediment, and 6 in river). Based on the small fraction of
isolates obtained compared to number of sequence reads
(�0.2%), it is not surprising that all of the phyla were not captured
by cultivation. Of the total of 60 different bacterial phyla found by
pyrosequencing, only 17 represented more than 1% of the com-
munity in at least one environmental source (Fig. 4). Isolates were
not obtained from only one phylum, Acidobacteria, which ac-
counted for greater than 5% of the taxa in at least one environ-
mental substrate, suggesting that the media tested do not support

growth of this phylum. However, isolates from other rarely culti-
vated phyla were obtained, for instance, Armatimonadetes and
Verrucomicrobia that accounted for less than 2.5% of the taxon
proportion of a community (Fig. 4). Unfortunately these rare taxa
could not be propagated in the laboratory after sample storage at
�80°C in glycerol.

Cultivated and noncultivated microbial community com-
parisons. Beta-diversity analysis using principal coordinate anal-
yses of phylogenetic (weighted and unweighted UniFrac) dis-
tances revealed that the communities obtained by pyrosequencing
separated from the cultivated isolates along the first PCoA axis
(Fig. 6). Differences in phylogenetic composition of bacteria at the
phylum level were evident between the noncultivation-based py-
rosequencing results and culture-dependent analyses (Fig. 4).
There were far more Actinobacteria bacteria cultivated from envi-
ronmental samples than indicated by pyrosequencing. The high-
est ratio of Actinobacteria was cultivated from PT medium, and
the lowest was from PW medium. Pyrosequencing indicated that
the phylum Bacteroidetes was the second largest population in the

FIG 3 Total colony counts from three environmental sources (soil, sediment, and river water; three replicates at each site) on three different media (diamond,
PT; square, PS; triangle, PW). The numbers of CFU on PT, PS, and PW media were counted daily for 7 days. CFU counts reported were averages from 1 to 5 plates
on which 30 to 300 colonies were formed. Plates were excluded from colony counts if overgrown by a few colonies spreading across the entire plate. Error bar
shows standard errors of averages calculated from two to five plates.
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three environments (29, 13, and 27% in the river, sediment, and
soil samples, respectively), and proportional trends were similar
in the isolates obtained on PS (15, 4, and 17% in the river, sedi-
ment, and soil samples, respectively) and PW (20, 2, and 22%)
media but quite different from the proportion of isolates culti-
vated on PT medium (8, 2, and 3% in the river, sediment, and soil
samples, respectively). These results indicate that the cultivable
microbial communities obtained on PS and PW media were more
similar to 454-based community analyses than the bacteria ob-

tained on PT medium regardless of the environmental sample
type, suggesting that PS and PW media may tend to be less biased
in cultivation than the PT medium (Fig. 4).

DISCUSSION

This study demonstrates that a modification of the approach used
for medium preparation can lead to an increase in CFU counts of
a species that had been recalcitrant to cultivation, e.g., G. auran-
tiaca and a diversity of bacteria isolated from various environmen-
tal sources. By either removing phosphate from the medium (PW)
or autoclaving phosphate and agar separately (PS), we obtained
�50 times more CFU than on PT medium. The hydrogen perox-
ide that was produced when agar was autoclaved together with
phosphate was likely a factor inhibiting growth of some taxa. Re-
active oxygen species are known inhibitors of growth of many
bacteria (45). Unlike other method modifications that have been
used to increase cultivation efficiency (9–12), this modification, in
which medium components are autoclaved separately and then
mixed, is relatively simple to implement in any laboratory.

A number of studies have shown that replacing agar with gellan
gum can increase the number of CFU and/or lead to the isolation
of novel bacteria from environmental samples (13, 28, 46). But the
reason for colony growth differences on agar versus gellan gum
was not investigated in those studies. In this study, only medium
preparation methods differed; the exclusion of phosphate or the
permutation of medium components that were autoclaved to-
gether indicated that inhibitory growth compounds were pro-
duced from autoclaving phosphate with agar. High concentra-
tions of hydrogen peroxide in PT and not PS medium indicated
that it was likely a contributing factor to the growth inhibition of
G. aurantiaca and some taxa in the environmental samples. Al-
though there are reports of growth-inhibitory compounds pro-
duced from autoclaving phosphate with sugars (23) and glucose
with proteins (47), we have not found reports about chemical
interactions with agar associated with autoclaving. More research
is needed to understand the detailed mechanism for generating
peroxide or other radicals from agar and phosphate during auto-
claving.

Cultivation using different environmental sources demon-
strated the bias in results that can occur as a result of the method
used for medium preparation. The genus Flavobacterium in the

FIG 4 Comparison of means of relative proportions of phyla of isolates from
river, sediment, and soil samples using PT, PS, and PW media and 454 pyro-
sequencing of directly extracted DNA. All phyla represented by isolates or
comprising �1% of pyrosequences in at least one environmental source are
included. An additional 40 phyla from pyrosequencing are included as “other”
phyla.

TABLE 1 Comparison of average alpha diversity values of isolates
obtained on PT, PS, and PW media

Sample source Diversity metric

Avg value on mediuma

PT PS PW

River Chao1 87.2 A 134.9 B 132.9 B
Observed species 29.7 A 37.5 B 37.0 B
PD whole tree 2.4 A 2.9 B 2.9 B

Sediment Chao1 70.9 A 121.9 B 103.6 B
Observed species 29.4 A 35.9 B 33.7 C
PD whole tree 2.3 A 2.9 B 2.8 B

Soil Chao1 59.6 A 120.1 B 113.6 B
Observed species 27.6 A 35.6 B 36.1 B
PD whole tree 2.0 A 2.8 B 2.9 B

a All averages of diversity measures were calculated using 10 iterations of data rarefied
to the lowest number of isolates obtained on a single growth medium. Significant
differences (P � 0.05) indicated by letters across rows were calculated using Student’s t
tests of all the iterated data for replicates for each sample source-medium combination.

FIG 5 The ratio of novel microbes isolated on the three different growth
media from each environmental sample. The isolates were defined as novel
microbes if their sequences had less than 97% similarity to known species.
Taxonomic identity of each phylotype was determined using the RDP Classi-
fier at 80% confidence.
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phylum Bacteroidetes appeared to be most sensitive to the inhibi-
tory compounds present in the PT medium. There were higher
proportions of Bacteroidetes isolates from PS and PW media than
from PT medium for the soil and river water samples. Tamaki et
al. (28) also found more Bacteroidetes strains isolated from fresh-
water sediments using media solidified with gellan gum than with
agar. There have been no studies demonstrating specific sensitiv-
ity of Flavobacterium to hydrogen peroxide, but growth of a fas-
tidious fish pathogen, Flavobacterium psychrophilum, was im-
proved by the addition of charcoal to absorb inhibitors in agar
growth medium (48). Also, the proportions of Betaproteobacteria
isolates from sediment and river samples were higher on PS and
PW media than on PT medium. These findings indicate that the
medium used should be taken into account when the differences
in the composition of cultivated bacterial communities from sim-
ilar environments are interpreted.

These findings demonstrate the importance of considering
growth inhibitors in agar medium in microbial ecology and envi-
ronmental microbiology. To capture a greater diversity, far larger
numbers, and more novel microorganisms using traditional agar
plate-dependent cultivation techniques, one should take our find-
ings into consideration: (i) phosphate in high concentrations
should be autoclaved separately from agar to maximize the num-
ber of CFU; (ii) low phosphate concentrations, as in the PW me-
dium (�M that corresponds to 0.01� or even lower concentra-
tions than in commonly used media), may suffice for the growth
of many environmental bacteria. These new insights must be con-
sidered in medium preparation and can contribute to greater cul-
ture-dependent exploitation of microbial resources from natural
environments.
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