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ABSTRACT Most microorganisms living in the environment have yet to be cultured,
owing at least in part to their slow and poor propagation properties and susceptibil-
ity to oxidative stress. Our previous studies demonstrated that a simple modification
in the preparation of agar media, i.e., autoclaving the phosphate and agar separately
(termed “PS” medium), can greatly improve the culturability of microorganisms by
mitigating oxidative stress compared with the use of “PT” medium (autoclaving the
phosphate and agar together). Here, we attempted to isolate phylogenetically novel
bacteria by combining PS medium with prolonged cultivation. After inoculation with
forest soil or pond sediment samples, significantly more colonies appeared on PS
medium than on PT medium. A total of 98 and 74 colonies that emerged after more
than 7 days of cultivation were isolated as slow growers from PS and PT media, re-
spectively. Sequencing analysis of their 16S rRNA genes revealed that the slow
growers recovered from PS medium included more phylogenetically novel bacteria
than those from PT medium, including a strain that could be classified into a novel
order in the class Alphaproteobacteria. Further physiological analysis of representa-
tive strains showed that they were actually slow and poor growers and formed small
but visible colonies only on PS medium. This study demonstrates that the culturabil-
ity of previously uncultured bacteria can be improved by using an isolation strategy
that combines a simple modification in medium preparation with an extended incu-
bation time.

IMPORTANCE Most microbial species inhabiting natural environments have not yet
been isolated. One of the serious issues preventing their isolation is intrinsically slow
and/or poor growth. Moreover, these slow and/or poor growers are likely to be
highly sensitive to environmental stresses, especially oxidative stress. We reported
previously that interaction between agar and phosphate during autoclave steriliza-
tion generates hydrogen peroxide, which adversely affects the culturability of envi-
ronmental microorganisms, in particular, slow-growing organisms vulnerable to oxi-
dative stress. In this study, we successfully isolated many slow-growing bacterial
strains with phylogenetic novelty by simply modifying their cultivation on agar
plates, i.e., autoclaving the phosphate and agar separately. The current limited reper-
toire of culture techniques still has room for improvement in the isolation of micro-
organisms previously considered unculturable.
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It is widely recognized that the number of viable microorganisms in the environment
is several orders of magnitude greater than the number detected by cultivation on

nutrient-rich laboratory media; this phenomenon is termed the “great plate count
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anomaly” (1, 2). The recent development of sequencing technologies, including met-
agenomic analysis, has enabled researchers to estimate the occurrence of large num-
bers of uncultured microorganisms and their potential functions in the environment
without cultivation (3). However, there is no doubt that it is essential for microbiologists
to isolate such as-yet-uncultured and functionally important microorganisms. Without
their isolation, we will never know their biology and the functions that have been
hypothesized as a result of culture-independent omics studies (4–7).

Many attempts have been made to develop efficient methods of isolating uncul-
tured microorganisms (8–12). These include new cultivation platforms mimicking nat-
ural environments (13, 14), alteration of gelling agents (15), physicochemical separation
of cells to decrease the negative effects of competitors and inhibitors (16, 17), addition
of antioxidants (18), and supplementation with signal compounds (19). In addition, we
recently revealed that a hidden pitfall in the preparation of agar media greatly lowers
the culturability of microorganisms in various environments (20, 21). We demonstrated
that reactive oxygen species (ROS) are generated and inhibit colony formation by some
microorganisms when phosphate is autoclaved together with agar (termed “PT” me-
dium, where “P” is phosphate and “T” represents “together”). In contrast, the generation
of ROS and unfavorable compounds is minimized and the culturability of uncultured
microorganisms improved by separate sterilization of phosphate and agar (termed “PS”
medium, where “S” represents “separately”). Subsequent studies have further demon-
strated that this technique is very effective for culturing recalcitrant microorganisms
from various environments (22–24). However, the application of PS medium for isola-
tion is still limited. Especially, the effect of PS medium on the isolation of slowly and/or
poorly growing microorganisms has not yet been confirmed.

It is well accepted that many fastidious microorganisms, particularly those living
in oligotrophic environments, are slow and/or poor growers. For example, long-
term incubation for up to 24 weeks was required for the isolation of SAR11 clade
bacteria, which are the most abundant and ubiquitous bacteria in the ocean (25,
26). Strategies used to improve the cultivation efficiency of slow and/or poor
growers are (i) reducing the inoculum size to decrease the chance of encountering
fast-growing competitors and (ii) increasing incubation time to allow sufficient
growth (27). Indeed, there have been many reports that these strategies can
substantially improve the culturability of microorganisms from a variety of envi-
ronmental samples and the possibility of obtaining phylogenetically novel micro-
organisms (27–34). In contrast, Buerger et al. have reported that the probability of
finding phylogenetically novel microorganisms is not improved simply by picking
up slow-growing colonies (35, 36). They showed that most of the bacterial strains
obtainable through simple long-term cultivation are not a pool of slow growers but
instead are fast growers that take time to form colonies only for the first time upon
“wake-up” from their in situ environments (12, 35, 36).

From these reports, we hypothesized that it would be possible to effectively acquire
novel microorganisms by adding another strategy to a simple long-term cultivation
method. We therefore prepared culture medium by separate sterilization of phosphate
and agar (i.e., PS medium) to isolate slow-growing bacteria from natural environments.
This is because PS medium has been demonstrated to improve the formation of
colonies by some slow- and/or poorly growing microorganisms, such as Gemmatimonas
aurantiaca (20). We also validated the effectiveness of this strategy by phylogenetic and
physiological analyses of several slow-growing isolates.

RESULTS AND DISCUSSION
Validation of effectiveness of PS medium for improving culturability.

Throughout the experiments, forest soil and pond sediment were used as isolation
sources, and the PYG medium (containing peptone, yeast extract, and glucose as the
substrates) was used as a basal medium (20). To evaluate the effects of the method of
preparation of agar plates (i.e., PT or PS) on the culturability of environmental micro-
organisms, numbers of CFU were monitored over 3 weeks of incubation (Fig. 1). In all
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of the cultivation experiments, the number of CFU increased linearly in the initial stage
of incubation (days 1 to 5). Although the rate of increase in CFU became moderate
thereafter, we confirmed that new colonies continued to emerge, even after a week of
cultivation. For both types of environmental samples, the numbers of CFU obtained on
PS medium were significantly greater than those obtained on PT medium (P � 0.05).
This observed improvement in culturability by separate sterilization of phosphate and
agar in solid medium preparation was consistent with our previous findings (20, 21).

Isolation of slow growers and determination of their phylogenetic properties.
To isolate slow-growing microbes, the incubation period was extended to 3 weeks in
this study, whereas cultivation was performed only for 7 days in our previous study (20).
New colonies that appeared after more than 7 days of incubation were defined as slow
growers and were picked up and purified on fresh agar medium. A total of 172 strains
of slow growers were isolated, and their partial 16S rRNA gene sequences were
determined. The results of phylogenetic analysis of the slow-growing isolates are
summarized in Table 1. Table 1 also contains the results obtained for fast growers
(colonies that emerged within 7 days of cultivation) reported in our previous article (20)
for comparison.

Phylogenetic analysis of the slow-growing isolates was conducted by using Ribo-
somal Database Project (RDP) Classifier. The overall trends in phylum or class level are
shown in Fig. 2. The slow growers recovered from the soil sample were dominated by
Alphaproteobacteria and Actinobacteria and contained some Bacteroidetes and Firmic-

FIG 1 Total colony numbers from soil (A) and sediment (B) samples grown on PT (phosphates and agar
autoclaved together) and PS (phosphates and agar autoclaved separately) agar media. CFU counts are
averages from five replicate agar plates. Error bars represent standard deviations.
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utes strains, regardless of the medium preparation protocol used. Notably, strains
classified into Gammaproteobacteria and Acidobacteria were isolated only from PS
medium. The overall phylogenetic trends in the slow growers from the sediment
samples on PT and PS media were also similar, in that Alphaproteobacteria and
Actinobacteria were the major bacterial taxa, and Betaproteobacteria and Bacteroidetes
were the minor ones. These observations suggested that the effects of the medium
preparation protocol on the phylogenetic trends of slow-growing isolates were not
remarkable at least at the phylum or class level.

Effects of isolation method on diversity of strains isolated. On the basis of their
partial 16S rRNA gene sequences, the slow-growing isolates were assigned to opera-
tional taxonomic units (OTUs) by using a cutoff value of 97% identity. Detailed
phylogenetic information on the total of 67 OTUs is given in Table S1 in the supple-
mental material. To determine whether the modification of the culture method allowed
us to isolate a greater variety of microbial species, the diversity of isolates obtained
under each condition was evaluated by calculating the Shannon diversity index on the
basis of the number of OTUs and the number of strains assigned to each OTU (Table 1).
As reported in our previous study (20), the diversity indexes of fast-growing isolates

TABLE 1 Comparison of diversity and novelty of microorganisms isolated from soil and
sediment samples by using different isolation procedures

Microorganism
No. of
isolates

No. of
OTUsa

Shannon diversity
index

No. of novel
OTUsb

Novelty
indexc

Slow-growing isolates
Soil PT 29 16 2.49 1 0.034
Soil PS 28 18 2.77 8 0.286
Sediment PT 45 13 1.75 2 0.044
Sediment PS 70 34 3.02 16 0.229

Fast-growing isolatesd

Soil PT 169 27 2.48 2 0.012
Soil PS 355 52 2.97 6 0.017
Sediment PT 303 44 2.79 6 0.020
Sediment PS 503 69 3.30 22 0.044

aIsolates were assigned to OTUs with a cutoff value of 97% identity on the basis of their partial 16S rRNA
gene sequences.

bOTUs with less than 80% classification reliability at the genus level in RDP Classifier analysis were defined as
novel OTUs.

cNovelty index was calculated by the number of novel OTUs/total number of isolates.
dData on fast-growing isolates were from our previous work (20).

FIG 2 Phylogenetic distribution of strains isolated from soil and sediment by using the PT and PS media.
Isolates were classified at the phylum/class level by RDP Classifier on the basis of their partial 16S rRNA
gene sequences. The number above each bar indicates the number of isolates obtained with each
isolation method.
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from PS medium were higher than those from PT medium (soil, 2.97 versus 2.48;
sediment, 3.30 versus 2.79, respectively). The same trend was also observed for slow-
growing isolates; the diversity indexes were higher in PS culture than in PT culture (soil,
2.77 versus 2.49; sediment; 3.02 versus 1.75, respectively). These results indicated that
modification of the preparation of solid media (i.e., use of the PS protocol) could
increase the possibility of isolating a greater diversity of microbial species, regardless of
their growth rate.

Effects of isolation method on novelty of strains isolated. The frequency of
isolation of phylogenetically novel microorganisms was compared among the respec-
tive isolation protocols. Representative sequences from each OTU were subjected to
RDP Classifier analysis, and OTUs with less than 80% classification reliability at the
genus level were defined as novel. The novelty index for each isolation protocol was
calculated using the equation number of novel OTUs/total number of isolates (Table 1).
As reported in our previous study (20), the novelty index of fast-growing isolates from
PS medium was higher than that from PT medium (soil, 0.017 versus 0.012; sediment,
0.044 versus 0.020, respectively). Our present study demonstrated the same trend in
slow growers; the isolates from PS medium contained phylogenetically novel bacteria
in a greater proportion than those from PT medium (soil, 0.286 versus 0.034; sediment,
0.229 versus 0.044, respectively). Furthermore, the increase in novelty index by applying
the PS protocol was more remarkable when targeting slow growers. These results
clearly demonstrated that a combination of the two isolation strategies, i.e., the use of
PS medium and a longer incubation time, greatly increased the possibility of capturing
phylogenetically novel microorganisms.

Growth properties of phylogenetically novel isolates. We conducted further
phylogenetic and physiological analyses on three representative strains among the
phylogenetically novel slow growers isolated from PS medium. Strain SO-S41 (OTU
YG14) was isolated from soil, classified into the class Alphaproteobacteria, and was
found to be closely related to Nitrospirillum amazonense (89.6% identity). To precisely
evaluate its phylogenetic novelty, almost the full length of the 16S rRNA gene sequence
was determined. The close relatives of strain SO-S41 were Pleomorphomonas oryzae
(89.0% identity) and N. amazonense (88.3% identity). To obtain further phylogenetic
information, we constructed a phylogenetic tree by using the alphaproteobacterial
sequences collected from isolated strains and environmental samples (Fig. 3). Strain
SO-S41 was not included in any known orders in the Alphaproteobacteria and formed
a unique order-level lineage with the environmental sequences. Thus, strain SO-S41
might be a phylogenetically novel bacterium at the order level.

After more than 1 week of incubation, strain SO-S41 formed tiny but visible colonies
on the agar plates prepared by using the PS protocol, but no colonies were found on
the same agar plates prepared by using the PT protocol, even after prolonged incu-
bation of more than 6 weeks (Fig. 4A and B). This strain also grew slowly and poorly in
the PYG liquid medium. It required about 7 days for full growth, and the final optical
density at 600 nm (OD600) value was only about 0.11 (data not shown). Although the
growth of strain SO-S41 was also tested in other conventional liquid media (e.g., diluted
R2A or tryptic soy broth [TSB]) and at different pH values and ionic strengths, growth
was not improved by any of these other conditions tested (data not shown).

Strains SE-S32 (OTU YG27) and SE-S63 (OTU YG29) were isolated from sediment and
are also alphaproteobacterial strains. The closest relative of strain SE-S32 on the basis
of its nearly full-length 16S rRNA gene was Prosthecomicrobium hirschii (95.1% identity).
The results of the phylogenetic tree analysis suggested that strain SE-S32 could be
classified into a novel genus in the family Hyphomicrobiaceae (see Fig. S1 in the
supplemental material). The closest relative of strain SE-S63 was Methylocella silvestris
(92.3% identity). Strain SE-S63 was expected to be a novel genus in the family
Methylobacteriaceae, as determined from the results of the phylogenetic tree analysis
(Fig. S2). These two strains formed tiny but visible colonies after more than 1 week of
cultivation on PS agar medium but not on PT agar medium even after more than 6
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weeks of cultivation (Fig. 4C to F). Also, these strains grew slowly and poorly in the PYG
liquid medium, as did strain SO-S41 (data not shown). Collectively, these results
indicated that at least some of our novel isolates were actually slow and poor growers;
in other words, they were recalcitrant microorganisms that could not be isolated
without employing our cultivation strategies.

FIG 3 Phylogenetic positions of the novel strain SO-S41 and its close relatives within the class Alpha-
proteobacteria. The tree was constructed by using the neighbor-joining method. Scale bar indicates 0.05
substitutions per nucleotide position. Nodes with bootstrap values of �50%, �75%, and �90% are
shown as black circles, gray circles, and open circles, respectively. Three different sequences (Vibrio
chagasii [accession no. AJ316199], Vibrio harveyi [accession no. EU130475], and Escherichia coli [accession
no. EU014689]) of valid species within the Gammaproteobacteria were used as the outgroup. EBPR,
enhanced biological phosphorus removal. Accession numbers are shown in parentheses next to the
organism descriptions in the novel order-level lineage group.

FIG 4 Colony formation by the three representative isolates on PT and PS agar plates. The photographs
were taken after 2 weeks of incubation.
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Conclusion. Our results clearly demonstrated that the culturability of previously
uncultured bacteria with phylogenetic novelty could be improved by using an isolation
strategy that combined prolonged cultivation with a simple modification of the prep-
aration of agar media. Although only aerobic chemoheterotrophs were targeted for
isolation in this study, this strategy can be applicable to other microorganisms, such as
anaerobes, lithotrophs, and autotrophs. We expect that application of this strategy to
diverse environmental samples, especially in oligotrophic natural environments, such as
freshwater and seawater, will enable the isolation of a number of phylogenetically and
functionally novel microorganisms.

MATERIALS AND METHODS
Preparation of agar media. The PYG agar medium used for isolation of microorganisms from

environmental samples was prepared as described previously (20, 21). The medium constituents
were grouped into three solutions (solutions A, B, and C). Solution A contained basal salts and Bacto
agar (final concentration 15 g · liter�1), solution B was phosphate buffer (final concentration 20 mM
phosphate [pH 7]), and solution C contained Bacto peptone, Bacto yeast extract, and glucose, with
final concentrations of 0.1 g · liter�1 each. Using these solutions, agar media were prepared by using
two different procedures, namely, the PT and PS protocols. For PT medium, solutions A and B were
mixed together before autoclaving, and then the separately autoclaved solution C was added before
pouring of the medium. For PS medium, solutions A, B, and C were separately autoclaved and
subsequently mixed.

Cultivation of environmental samples on agar media. Forest soil and pond sediment samples
were collected at Hokkaido University, Sapporo, Hokkaido, Japan, as described previously (20). Soil
samples from a depth of 5 to 10 cm below the surface were collected from a small deciduous forest.
Sediment samples were collected from 0 to 10 cm below the bottom of a shallow pond. Each
environmental sample was suspended in sterilized saline (0.9% NaCl) and diluted in a 10-fold series.
Aliquots (100 �l) from each dilution were inoculated onto PT and PS agar media with five replicates and
incubated at 25°C in the dark. The number of CFU on each agar plate was counted during 3 weeks of
incubation. Only plates with 30 to 300 CFU were included in the cultivation results reported. New
colonies that appeared more than 7 days after the start of incubation were picked up on days 14 and 21
and transferred to fresh agar plates for further purification. The data were analyzed for statistical
significance using Student’s t test. A total of 172 purified colonies were subjected to phylogenetic
analysis based on their 16S rRNA gene sequences.

Phylogenetic analysis of isolates. Sequencing analysis of the 16S rRNA gene was conducted as
described previously (20). Purified colonies were transferred to PCR tubes containing lysis solution,
and chromosomal DNA was extracted by heating the tubes in a microwave (50 s). The 16S rRNA gene
was amplified by PCR with universal primers 27F (5=-AGA GTT TGA TCM TGG CTCAG-3=) and 1492R
(5=-TAC GGY TAC CTT GTT ACG ACT T-3=) (37). The PCR products were purified by using a NucleoSpin
Gel and PCR cleanup kit (TaKaRa), in accordance with the manufacturer’s instructions. The sequences
of the PCR products were determined by the TaKaRa Bio Company using the primer 357F (5=-CTC
CTA CGG GAG GCA GCA G-3=). The 16S rRNA gene sequences from all isolates were checked for
chimeras by using Decipher (38), and sequence quality was checked by using an ABI 3730xl base
caller (Applied Biosystems). The sequences obtained were assigned to OTUs by using the BLASTClust
program (39), with a cutoff value of 97% sequence identity. Phylogenetic classification of each OTU
was performed using the RDP Classifier (40), and OTUs with less than 80% classification reliability at
the genus level were defined as novel. The closest relatives of each OTU were inferred by using the
BLAST program (39). Almost-full-length 16S rRNA gene sequences were determined by direct
sequencing of the DNA fragment amplified with the primer pair of 27F and 1492R, as described
previously (41). Phylogenetic analysis was performed with the ARB software package (http://www
.arb-home.de/) (42), as described previously (15). In brief, after automatic and manual sequence
alignments, phylogenetic trees were constructed by using the neighbor-joining method (43). Bootstrap
values were determined from 1,000 resamplings using the neighbor-joining and maximum likelihood
methods.

Accession number(s). The nucleotide sequence data for the partial 16S rRNA genes of isolated OTUs
(accession numbers LC341972 to LC342038) and the almost-full-length 16S rRNA genes of strains SE-S32,
SO-S41, and SE-S63 (accession numbers LC342039, LC342040, and LC342041, respectively) have been
submitted to GenBank.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00807-18.

SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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