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Over the last few years, extensive investigations have been 
performed in an attempt to isolate yet-to-be cultivated micro-
organisms that are of ecological importance (1, 4, 12, 19). 
The enrichment, isolation, characterization, and genome 
sequencing of these organisms are classical, but robust pro-
cesses that explicitly unveil their entity (5, 6, 9). However, 
difficulties are associated with the direct isolation of target 
microbes, particularly previously uncultured microbes. Enrich-
ment is a long-used and common practice, and effectively 
increases the population of target organism(s), whereas bias 
caused by enrichment conditions always has to be taken into 
consideration. The purposes of the enrichment of specific 
microbes or communities are two-fold. One purpose is to 
enrich organisms that metabolize/degrade/consume a target 
compound. The compound may be, for example, a hazardous 
chemical, oil, or organic polymer. It may also be the oxidized 
form of a metal, sulfate, or nitrate as an electron acceptor, or 
the reduced form of a metal, sulfide, fatty acid, or sugar as an 
electron donor. The other purpose is to enrich organisms that 
produce metabolites such as antibiotics, polymeric compounds, 
and extracellular enzymes, most of which are of industrial 
importance.

Enrichment in which polyhydroxyalkanoate-accumulating 
organisms (PHAAOs) dominate was successfully constructed 
by Oshiki et al. (13). They collected activated sludge samples 
from 8 full-scale wastewater treatment plants operated in the 
fully aerobic mode. Activated sludge samples were then incu-
bated with the addition of acetate, which allowed PHAAOs to 
accumulate PHAs. By employing this approach, PHAAOs 
were highly enriched, accounting for 11 to 18% of all cells.

Fujitani et al. performed the selective enrichment of two 
Nitrospira-like nitrite-oxidizing bacteria from a wastewater 
treatment plant. Nitrite oxidizers are well-known microor-
ganisms that escape cultivation. The authors strictly controlled 
nitrite concentrations in the bioreactor to less than 10 mg N L–1 
over two years of operation, resulting in the selective enrich-
ment of sublineages I and II of the genus Nitrospira, which 
play a key role in nitrite oxidation in wastewater plants. The 
maximum ratios of sublineages I and II to all microbial cells 
were 88.3% and 53.8%, respectively. This study also showed 
that the two sublineages of uncultured Nitrospira were sensi-
tive to high concentrations of nitrite with high affinity for the 
substrate. This enrichment method is very effective for uncul-
tured nitrite oxidizers (2). This group eventually isolated a 
bacterium belonging to sublineage II of the genus Nitrospira 

(20) using a cell-sorting system.
Iino et al. obtained a highly enriched methanogen that was 

phylogenetically novel. Candidatus Methanogranum caeni-
cola within the class Thermoplasmata was enriched from 
digested sludge. Although the media used were insignificant, 
methanol with a trace amount of yeast extract as energy and 
nutrient sources led to the successful enrichment of the novel 
methanogen (3).

Oshiki attempted to cultivate the planktonic anaerobic 
ammonium-oxidizing (Anammox) bacteria Ca. Brocadia 
sinica and Ca. Scalindua sp. in the form of planktonic cells 
using membrane bioreactors (MBRs). MBRs were continu-
ously operated for more than 250 d with two different nitrogen-
loading rates. Ca. Brocadia sinica and Ca. Scalindua sp. cells 
were successfully enriched (>90%) in MBRs with high and 
very low nitrogen-loading rates, respectively, as revealed by 
fluorescence in situ hybridization and a 16S rRNA gene 
sequencing analysis. This study demonstrated that MBRs are 
very effective at highly enriching planktonic anammox bacte-
rial cells because the membrane prevents free living cells 
from washout (14).

Benzene is a well-known recalcitrant aromatic compound 
under methanogenic conditions; therefore, the enrichment 
and isolation of benzene-degrading organisms are challenging. 
Noguchi et al. previously attempted to enrich benzene-
degrading methanogenic communities (11). In more than three 
years of a batch culture with benzene as the sole substrate, 
they obtained a community capable of degrading 98% of 1 
mM benzene. 13C-labeled benzene combined with terminal 
restriction fragment length polymorphism (T-RFLP) profiles 
and a 16S rRNA gene cloning analysis of the buoyant density 
fractions revealed the incorporation of 13C into two phylotypes: 
Desulfobacterales- and Coriobacteriaceae-related bacteria. 
However, the enrichment constructed still harbored a diverse 
array of organisms, thereby highlighting the difficulties 
associated with the simplification of community members for 
such a persistent chemical. This may be attributed to many 
kinds of microorganisms being required for degradation and 
community stability.

Narihiro et al. attempted to demonstrate how enrichment 
causes bias by comparing direct isolation from a natural 
environmental sample together with a metanogenomic analy-
sis (10). Comprehensive approaches were employed including 
functional metagenomics and a cultivation-dependent method 
combined with oil-fed enrichment in order to uncover the 
entire microbial resources of lipolytic enzymes (lipases). The 
findings obtained showed that isolates from oil-fed enrich-
ments differed from those from a natural sample; however, 
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most were organisms known to be lipase-producing bacteria. 
Moreover, they found that metagenomic clones encoding lipases 
associated with Alphaproteobacteria, Deltaproteobacteria, 
Acidobacteria, Armatimonadetes, and Planctomycetes and 
hitherto-uncultivated microbes were recovered not only from 
a non-enriched natural sample, but also from oil-fed enrich-
ment. Collectively, these findings strongly indicate that although 
enrichment selects particular organisms, the lipase-producing 
species obtained from enrichment and natural samples are not 
novel, whereas functional metanogenomics effectively cap-
tures as yet undiscovered lipases that have eluded cultivation.

An important point to consider in the isolation of microbes 
is that most environmental microbes are difficult to cultivate. 
However, an important question remains unanswered: are 
yet-to-be cultivated organisms alive or dormant? It currently 
remains unknown whether the difficulties associated with 
growing environmental organisms due to their physiological 
states hinder cultivation. Microorganisms have two basic 
physiological states: alive and dead (15). However, as 
reported in previous studies on Mycobacterium tuberculosis, 
Micrococcus luteus, and Rhodococcus rhodochrous, some 
microbes enter a dormant stage, which is an alive, but 
non-growing stage. Resuscitation-promoting factors (RPFs) 
contribute to the “waking up” of dormant cells (8, 18). Due to 
their effects at very low concentrations on resuscitation, they 
are called bacteriocytokines. Recent studies showed that 
not only these bacteria, but also other organisms within the 
phylum Actinobacteria encode rpf genes, and the RPF protein 
was found to be functional (16, 17). Resuscitation by pyru-
vate was also reported in Salmonella, one of the most frequent 
causative agents for food-borne diseases (7). Salmonella is 
known to persist and survive in the environment even after 
exposure to sanitizers such as hydrogen peroxide (H2O2). 
Morishige et al. found that H2O2 exposure rapidly compelled 
Salmonella enterica serovar Enteritidis (SE) cells to enter the 
dormant stage. They also showed that pyruvate and its analog, 
α-ketobutyrate, had resuscitative effects on H2O2-treated SE 
cells in a dose-dependent manner.

Dormancy has long been discussed since the first finding 
referred to as viable but not culturable (VBNC) (21). Studies 
are currently being performed in order to obtain a better 
understanding on the physiological states of microorganisms 
in natural environments, and may also provide insights into 
the cultivation of microbes, i.e. strategies to improve the cul-
tivation of yet-to-be cultured organisms.

References

1. Dridi, B., M.-L. Fardeau, B. Ollivier, D. Raoult, and M. Drancourt. 
2012. Methanomassiliicoccus luminyensis gen. nov., sp. nov., a 
methanogenic archaeon isolated from human faeces. Int. J. Syst. Evol. 
Microbiol. 62:1902–1907.

2. Fujitani, H., Y. Aoi, and S. Tsuneda. 2013. Selective enrichment of 
two different types of Nitrospira-like nitrite-oxidizing bacteria from a 
wastewater treatment plant. Microbes Environ. 28:236–243.

3. Iino, T., H. Tamaki, S. Tamazawa, Y. Ueno, M. Ohkuma, K. I. Suzuki, 
Y. Igarashi, and S. Haruta. 2013. Candidatus Methanogranum caenicola: 
a novel methanogen from the anaerobic digested sludge, and proposal 
of Methanomassiliicoccaceae fam. nov. and Methanomassiliicoccales 
ord. nov., for a methanogenic lineage of the class Thermoplasmata. 
Microbes Envrion. 28:244–250.

4. Kleindienst, S., F.-A. Herbst, M. Stagars, et al. 2014. Diverse sulfate-
reducing bacteria of the Desulfosarcina/Desulfococcus clade are the 
key alkane degraders at marine seeps. ISME J 8:2029–2044.

5. Kouzuma, A., and K. Watanabe. 2014. Microbial ecology pushes 
frontiers in biotechnology. Microbes Environ. 29:1–3.

6. Mori, K., and Y. Kamagata. 2014. The challenges of studying the 
anaerobic microbial world. Microbes Environ. 29:335–337.

7. Morishige, Y., K. Fujimori, and F. Amano. 2013. Differential resusci-
tative effect of pyruvate and its analogues on VBNC (Viable But 
Non-Culturable) Salmonella. Microbes Environ. 28:180–186.

8. Mukamolova, G.V., A.S. Kaprelyants, D.I. Young, M. Young, and 
D.B. Kell. 1998. A bacterial cytokine. Proc. Natl. Acad. Sci. U.S.A. 
95:8916–8921.

9. Narihiro, T., and Y. Kamagata. 2013. Cultivating yet-to-be cultivated 
microbes: the challenge continues. Microbes Environ. 28:163–165.

10. Narihiro, N., A. Suzuki, K. Yoshimune, T. Hori, T. Hoshino, I. 
Yumoto, A. Yokota, N. Kimura, and Y. Kamagata. 2014. The combi-
nation of functional metagenomics and an oil-fed enrichment strategy 
revealed the phylogenetic diversity of lipolytic bacteria overlooked by 
the cultivation-based method. Microbes Environ. 29:154–161.

11. Noguchi, N., F. Kurisu, I. Kasuga, and H. Furumai. 2014. Time-
Resolved DNA stable isotope probing links Desulfobacterales- and 
Coriobacteriaceae-related bacteria to anaerobic degradation of benzene 
under methanogenic conditions. Microbes Environ. 29:191–199.

12. Nunoura, T., M. Hirai, M. Miyazaki, et al. 2013. Isolation and charac-
terization of a thermophilic, obligately anaerobic and heterotrophic 
marine Chloroflexi bacterium from a Chloroflexi-dominated microbial 
community associated with a Japanese shallow hydrothermal system, 
and proposal for Thermomarinilinea lacunofontalis gen. nov., sp. nov. 
Microbes Environ. 28:228–235.

13. Oshiki, M., M. Onuki, H. Satoh, and T. Mino. 2013. Microbial com-
munity composition of polyhydroxyalkanoate-accumulating organ-
isms in full-scale wastewater treatment plants operated in fully aerobic 
mode. Microbes Environ. 28:96–104.

14. Oshiki, M., T. Awata, T. Kindaichi, H. Satoh, and S. Okabe. 2013. 
Cultivation of planktonic anaerobic ammonium oxidation (anammox) 
bacteria using membrane bioreactor. Microbes Environ. 28:436–443.

15. Puspita, I.D., Y. Kamagata, M. Tanaka, K. Asano, and C.H. Nakatsu. 
2012. Are uncultivated bacteria really uncultivable? Microbes 
Environ. 27:356–366.

16. Puspita, I.D., M. Uehara, T. Katayama, Y. Kikuchi, W. Kitagawa, Y. 
Kamagata, K. Asano, C.H. Nakatsu, and M. Tanaka. 2013. Resuscitation 
promoting factor (Rpf) from Tomitella biformata AHU 1821 T promotes 
growth and resuscitates non-dividing cells. Microbes Environ. 28:58–64.

17. Puspita, I.D., W. Kitagawa, Y. Kamagata, M. Tanaka, and C.H. Nakatsu. 
2015. Increase in bacterial colony formation from a permafrost ice 
wedge dosed with a Tomitella biformata recombinant resuscitation-
promoting factor protein. Microbes Environ. 30:151–156.

18. Shleeva, M.O., K. Bagramyan, M.V. Telkov, G.V. Mukamolova, M. 
Young, D.B. Kell, and A.S. Kaprelyants. 2002. Formation and resus-
citation of ‘non-culturable’ cells of Rhodococcus rhodochrous and 
Mycobacterium tuberculosis in prolonged stationary phase. Microbiol. 
148:1581–1591.

19. Tamaki, H., Y. Tanaka, H. Matsuzawa, M. Muramatsu, X.Y. Meng, S. 
Hanada, K. Mori, and Y. Kamagata. 2011. Armatimonas rosea gen. 
nov., sp nov., of a novel bacterial phylum, Armatimonadetes phyl. 
nov., formally called the candidate phylum OP10. Int. J. Syst. Evol. 
Microbiol. 61:1442–1447.

20. Ushiki, N., H. Fujitani, Y. Aoi, and S. Tsuneda. 2013. Isolation of 
Nitrospira belonging to sublineage II from a wastewater treatment 
plant. Microbes Environ. 28:346–353.

21. Xu, H.-S., N. Roberts, F.L. Singleton, R.W. Attwell, D.J. Grimes, and 
R.R. Colwell. 1982. Survival and viability of nonculturable 
Escherichia coli and Vibrio cholerae in the estuarine and marine 
environment. Microb. Ecol. 8:313–323.


