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Abstract 28	  

 29	  

Background: The majority of environmental bacteria and around a third of oral 30	  

bacteria remain uncultivated. Furthermore, several bacterial phyla have no cultivable 31	  

members and are recognised only by detection of their DNA by molecular methods. 32	  

Possible explanations for the resistance of certain bacteria to cultivation in purity in 33	  

vitro include: unmet fastidious growth requirements; inhibition by environmental 34	  

conditions or chemical factors produced by neighbouring bacteria in mixed cultures; 35	  

or conversely, dependence on interactions with other bacteria in the natural 36	  

environment, without which they cannot survive in isolation. Auxotrophic bacteria, 37	  

with small genomes lacking in the necessary genetic material to encode for essential 38	  

nutrients, frequently rely on close symbiotic relationships with other bacteria for 39	  

survival, and may therefore be recalcitrant to cultivation in purity.  40	  

Highlight: Since in-vitro culture is essential for the comprehensive characterisation of 41	  

bacteria, particularly with regard to virulence and antimicrobial resistance, the 42	  

cultivation of uncultivated organisms has been a primary focus of several research 43	  

laboratories. Many targeted and open-ended strategies have been devised and 44	  

successfully used. Examples include: the targeted detection of specific bacteria in 45	  

mixed plate cultures using colony hybridisation; growth in simulated natural 46	  

environments or in co-culture with ‘helper’ strains; and modified media preparation 47	  

techniques or development of customised media eg. supplementation of media with 48	  

potential growth-stimulatory factors such as siderophores. 49	  

Conclusion: Despite significant advances in recent years in methodologies for the 50	  

cultivation of previously uncultivated bacteria, a substantial proportion remain to be 51	  

cultured and efforts to devise high-throughput strategies should be a high priority. 52	  

 53	  
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1 Introduction 55	  

 56	  

Evidence started emerging over 50 years ago for the existence of a far greater 57	  

variety of bacterial species than cultural analyses alone would suggest [1]. A 58	  

discrepancy was noted between the numbers of bacteria counted under a 59	  

microscope and viable counts in culture – the so-called Great Plate Count anomaly 60	  

[2, 3]. Furthermore, molecular analyses of 16S rRNA gene sequences, performed in 61	  

some studies in parallel with cultural analyses, confirmed that there were indeed a 62	  

large number of novel phylotypes without corresponding cultivated strains [4-8]. It 63	  

was therefore apparent that certain bacteria might not be readily cultured in vitro.  64	  

 65	  

The terms ‘uncultivated’ and ‘uncultivable’, often used interchangeably in the 66	  

literature, will be used for the purposes of this review to describe bacteria that have 67	  

not previously been cultivated in isolation on artificial media. Previously-uncultivated 68	  

bacteria that have ultimately been purified in vitro are frequently found to require 69	  

special strategies for cultivation, are fastidious and unable to grow using 70	  

conventional methods; these will be termed ‘difficult-to-culture’. 71	  

 72	  

Based on previous estimates, it is thought that approximately 99% of all bacteria on 73	  

Earth are ‘uncultivable’ [9]. Likewise, the proportion of uncultivated bacteria from 74	  

environmental habitats is estimated to be around 99% [10]. The uncultivated 75	  

proportion is somewhat less for human-associated microbial communities, probably 76	  

as a result of a concerted effort to study the microbiota in these ecosystems. For 77	  

example, approximately 60-70% of bacteria from the human intestinal tract are 78	  

uncultivated [11, 12]; and based on the Human Oral Microbiome Database (HOMD) 79	  

[13, 14] release 13, 700 or so bacterial taxa have been found in the human oral 80	  

cavity, of which roughly a third are known only as uncultivated phylotypes. 81	  
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 82	  

There are at least 38 bacterial phyla without any cultivable members [15], despite 83	  

their widespread detection in samples from a variety of environments. Other phyla 84	  

are comprised both of clusters of bacteria that are readily cultivated by standard 85	  

methods, and clusters with no, or very few, cultivable representatives. A prime 86	  

example is the phylum Synergistetes, proposed in 2009 [16, 17]. The oral cavity 87	  

harbours Synergistetes taxa from two main phylogenetic clusters, A and B [18] – the 88	  

latter is comprised of cultivated species, whereas the former (more recently known 89	  

as the genus Fretibacterium) is, despite frequent detection of representative 90	  

phylotypes in oral samples by molecular methods, represented predominantly by 91	  

‘uncultivable’ taxa, there being only one cultivated species, the ‘difficult-to-culture’ 92	  

Fretibacterium fastidiosum [19, 20]. 93	  

 94	  

The absence of cultivated taxa from the genus Fretibacterium is clearly not due to a 95	  

low prevalence; rather, there will be specific reasons for an apparent resistance to in-96	  

vitro culture. Fastidious bacteria may have specific growth requirements including 97	  

temperature, pH, oxygen availability, nutrient sources and be unable to grow unless 98	  

these requirements are stringently met in the laboratory. Furthermore, faced with an 99	  

unfavorable growth environment with associated stress factors, bacteria may, as a 100	  

survival strategy, enter a ‘viable but non-culturable’ or dormant state whereby cells 101	  

are alive but no longer dividing [21, 22] and be only able to revive when external 102	  

conditions become more favourable or when appropriate growth factors and signals 103	  

are provided. The growth-inhibitory effect of reactive oxygen species such as 104	  

hydrogen peroxide, which leads to oxidative stress and cellular damage, has been 105	  

well documented, with growing evidence in recent years for significantly reduced 106	  

growth efficiency of ‘difficult-to-culture’ and ‘uncultivated’ bacterial taxa as a result of 107	  

hydrogen peroxide generated within artificial growth media [23-25]. Bacterial growth 108	  
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may also be inhibited by the high concentration of nutrients present in the nutrient-109	  

rich media typically used to cultivate human pathogens, as well as by bacteriocins or 110	  

other inhibitors produced by neighboring bacteria in mixed cultures. On the other 111	  

hand, members of bacterial communities in natural habitats, particularly those 112	  

occurring as biofilms, often show a significant degree of inter-bacterial cooperation 113	  

and interaction [26] through intercellular signaling via small peptides or quorum 114	  

sensing, and the sharing of nutrients or essential metabolites such as iron-115	  

scavenging siderophores [27, 28]. In line with this, bacteria in dental plaque biofilm 116	  

have been shown to form precise and reproducible structural associations with each 117	  

other, implying a defined functional interaction between individual bacteria within 118	  

consortia [29]. Consequently, when attempts are made to isolate bacteria in purity, 119	  

away from the host community and its beneficial interactive networks, they may not 120	  

grow. Dependence for growth on signals and chemical factors produced by 121	  

neighboring bacteria is probably the single most important factor that prevents the in-122	  

vitro growth of bacteria in isolation. Auxotrophy, the inability of bacteria to synthesize 123	  

various essential metabolites, has been shown to be associated with gene loss [30]; 124	  

representatives of various Candidate bacterial phyla with no cultured members, such 125	  

as Candidatus Saccharibacteria (formerly TM7), SR1, WWE3 and OD1, have small 126	  

genomes lacking genes for certain key biosynthetic pathways [15]. As a result, such 127	  

bacteria may survive only in very close association with – living on the surface of or 128	  

inside – ‘helper’ organisms. Examples of such bacteria include the recently-cultivated 129	  

Saccharibacteria strain, TM7x, which leads an obligately symbiotic relationship with 130	  

the bacterium Actinomyces odontolyticus [31] and the intracellular pathogen 131	  

Tropheryma whipplei [32], both of which have reduced genomes deficient in 132	  

biosynthetic pathways for various essential amino acids. Clearly, the culture of such 133	  

dependent organisms in isolation presents a significant challenge. 134	  

 135	  



6	  
	  

Bacterial culture remains indispensible as a microbiological method despite 136	  

significant developments in recent years in molecular and ‘meta-omic’ techniques. 137	  

Indeed it is only through the study of pure cultures of bacteria that phenotype and 138	  

genotype may be characterized in full. Several uncultivated or ‘difficult-to-culture’ 139	  

bacteria, such as the recently-cultivated taxon Anaerolineae bacterium HOT-439 140	  

from the phylum Chloroflexi [33], F. fastidiosum of the Synergistetes phylum, TM7 141	  

phylotype HOT-356 from Candidatus Saccharibacteria, Peptostreptococcaceae 142	  

bacterium HOT-091, and the intracellular pathogens T. whipplei and Coxiella burnetii, 143	  

have been found to be associated with human disease processes, including the oral 144	  

disease periodontitis [34-38] and the systemic diseases Whipple’s disease and Q 145	  

fever; evaluation of virulence potential of these putative or confirmed pathogens and 146	  

assessment of their role in disease relies on having a pure culture in the laboratory. 147	  

In light of the importance of bacterial culture in modern day microbiology, the quest to 148	  

isolate and culture uncultivated bacteria remains a high priority. 149	  

 150	  

The aim of this review is to describe a range of strategies for the cultivation of 151	  

uncultivated bacteria, along with the various rationales on which these methods are 152	  

based.  153	  

 154	  

2 Cultivation strategies for uncultivated bacteria  155	  

 156	  

2.1 Approaches used in environmental microbiology 157	  

 158	  

The significant majority of environmental bacteria found in habitats such as soil and 159	  

seawater is uncultivated [39]. Hence a number of innovative methods for the culture 160	  

of uncultivated bacteria derive from environmental microbiology.  161	  

 162	  
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Several of the approaches that have been developed are based on the principle that 163	  

bacteria growing naturally in mixed communities depend on interaction with other 164	  

members of that community, as well as on signals and nutrients present within the 165	  

natural habitat.  166	  

 167	  

Kaeberlein et al [40] were amongst the first to propose the ‘simulated natural 168	  

environment’ concept. Briefly, they designed diffusion chambers within which 169	  

organisms were inoculated. The chambers were incubated under conditions 170	  

mimicking the natural environment, allowing the passage of growth-stimulatory 171	  

chemical factors from the external environment across semi-permeable (0.03 µm-172	  

pore) membrane walls of the chambers and resulting in the growth, and ultimately 173	  

pure culture, of previously-uncultivated bacteria from the marine environment. This 174	  

method was later also successfully applied to samples of fresh water and subsurface 175	  

sediment [41, 42]. Further development resulted in the application of this method for 176	  

the highly-parallel simultaneous culture of multiple ‘uncultivables’ with the aid of the 177	  

‘ichip’, a device which is made up of hundreds of miniature diffusion chambers [39]. 178	  

Using a similar principle and separating culture / simulated natural environment by a 179	  

transwell insert with a microporous membrane, previously uncultivated bacteria were 180	  

also successfully cultured and isolated from soil [43, 44].  181	  

 182	  

Other inventive systems for the in-situ cultivation of fastidious bacteria in natural 183	  

environments include the I-tip method [45] and the hollow-fiber membrane chamber 184	  

(HFMC) device [46]. Schematic diagrams of these novel devices are included in the 185	  

respective papers. The I-tip method appears to be primarily targeted to motile 186	  

organisms since it relies on the movement of small organisms from the freshwater 187	  

sponge natural environment in which the I-tip is placed, across glass beads of 188	  
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various sizes to the agar culture medium within the I-tip. The HFMC on the other 189	  

hand – a system of multiple, 0.1 µm-pore, hollow-fiber tubes within which heavily-190	  

diluted microbial samples are injected, and which are placed in situ in natural or 191	  

simulated natural environments for the influx of natural chemical compounds – is 192	  

perhaps more universally applicable. The authors compared the cultivation 193	  

performance of the HFMC device against that of traditional agar-based culture for 194	  

environmental samples ranging from tidal flat sediment to activated sludge from 195	  

water treatment plants, and reported the recovery of a higher proportion of novel 196	  

isolates (within the total) with the HFMC than with conventional culture in petri 197	  

dishes, despite the 16S rRNA gene sequence similarity threshold for identification 198	  

being set at 97%, a value lower than the 98.5% or 99% cut-offs used in HOMD and 199	  

elsewhere [14, 47], which could have resulted in an underestimation in the 200	  

prevalence of novel taxa. Furthermore, the results also indicated higher Shannon-201	  

Weaver and Simpson diversity indices for samples processed with the HFMC, 202	  

confirming the efficacy of the method. 203	  

 204	  

Bacteria of interest may also be exposed to signals or nutrients from the natural 205	  

habitat, or engineered versions of the latter, after encapsulation of single cells or 206	  

subsets of the microbial community as microdroplets using microfluidic devices. 207	  

Zengler et al [48] encapsulated single bacterial cells in gel microdroplets, incubated 208	  

them in amended sterile versions of the natural environmental medium, detected 209	  

growth as microcolonies in the microdroplets using flow cytometry, and successfully 210	  

isolated and cultured several novel bacterial strains following transfer to microtitre 211	  

plates. The process of diluting mixed samples down to single cells prior to attempted 212	  

cultivation, termed ‘dilution-to-extinction’, eliminates the potential drawback of 213	  

competition between bacteria in the community and results ideally in pure cultures. 214	  

Furthermore, the confinement of single cells to a small volume using microfluidics, 215	  
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results in a favourable cell density to volume ratio, which may initiate quorum 216	  

sensing-dependent growth [49]. 217	  

 218	  

Growth-stimulatory chemical factors present in bacterial communities in the natural 219	  

setting may derive from neighboring bacteria. In addition, such bacteria may modify 220	  

the environment in such a manner as to make it more favorable for growth of 221	  

dependent strains. On the basis that bacteria within communities cooperate closely 222	  

in these two key ways, a number of researchers have attempted to cultivate 223	  

uncultivated bacteria using community culture or bacterial co-culture techniques. As 224	  

an example of the latter, Park et al [50] co-cultured pairs of dependent organisms 225	  

within oil-coated microdroplets – since the two organisms in each symbiotic pair were 226	  

auxotrophic for a different amino acid, growth in minimal medium was achieved only 227	  

by co-cultivation, indicative of cross-feeding. Nichols et al [51] enabled pure growth 228	  

of the previously uncultivated marine strain Psychrobacter sp. MSC33 by co-culturing 229	  

it in close proximity to, but separated from, its ‘helper’ strain MSC105 using a two-230	  

compartment chamber incorporating a tissue culture insert. Likewise, Ueda and 231	  

Beppu [52] co-cultured the syntrophic bacterium Symbiobacterium thermophilum and 232	  

the Bacillus strain on which it depends for growth, in a two-compartment flask with 233	  

dialysis membrane separating the two. In another innovative example, included here 234	  

although it relates to the human gut flora rather than to environmental 235	  

microorganisms because it uses a similar principle to the above, pairwise symbiotic 236	  

relationships were detected between co-cultivated bacteria growing in soft agar on 237	  

either side of a 0.22 µm membrane filter [53]. Morris et al [23, 24] demonstrated that 238	  

Prochlorococcus taxa are dependent for growth on neighboring hydrogen peroxide-239	  

scavenging bacteria for protection from oxidative stress and cellular damage. 240	  

 241	  
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There have been substantial efforts to cultivate previously uncultivated bacteria by 242	  

modifying culture media and growth conditions. For example, Tamaki et al [54, 55] 243	  

compared the growth of bacteria from freshwater sediment on gellan-gum-solidified 244	  

and conventional agar-solidified media. They reported a significantly greater recovery 245	  

of novel previously uncultivated isolates on gellan-gum than on agar media, as well 246	  

as faster growth on the former of strains that were able to grow on both. Although 247	  

they did not offer any explanation for the benefit of gellan-gum, Pham and Kim [56] 248	  

later suggested, in a review paper, that gellan-gum plates are ‘clearer’ than agar and 249	  

therefore more suitable for the detection of tiny colonies. More recently, evidence has 250	  

started emerging that the generation of hydrogen peroxide in conventionally-251	  

prepared agar media has an inhibitory effect on bacterial growth [25] and this may 252	  

perhaps explain the inferiority of standard agar over gellan-gum. Tanaka et al [25] 253	  

found that agar medium plates prepared by autoclaving phosphate and agar 254	  

separately, then mixing and pouring, resulted not only in higher numbers of CFUs, 255	  

but also a higher recovery of novel isolates, compared to standard agar media where 256	  

all components were autoclaved together. Whereas hydrogen peroxide was detected 257	  

in the standard agar media plates, none was detectable in media prepared by 258	  

separate autoclaving of phosphate and agar. Furthermore, the growth-inhibitory 259	  

effect of standard agar media was successfully reversed by adding catalase (an 260	  

enzyme for the decomposition of hydrogen peroxide) to the surface of plates post 261	  

inoculation. Clearly hydrogen peroxide has a detrimental effect on the growth of 262	  

bacteria, including difficult-to-culture organisms, and there appear to be a number of 263	  

ways to overcome this.  264	  

 265	  

Another strategy for stimulating growth of uncultivated bacteria is the 266	  

supplementation of media with chemical compounds that are likely to be required by 267	  

the bacteria in question. D’Onofrio et al [10] determined the identity of growth factors 268	  
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produced by ‘helper’ strains that were responsible for growth of dependent 269	  

uncultivated organisms from marine sediment, and were able to stimulate growth of 270	  

the latter by supplementing media with the growth factors, namely iron-scavenging 271	  

siderophores. Indeed there is evidence from many years previously [57] as well as 272	  

more recently [33] – see section 2.2 – for the growth-promoting effect of 273	  

siderophores on uncultivated and ‘difficult-to-culture’ bacteria. It has been suggested 274	  

that the ability to autonomously produce siderophores may have been lost in 275	  

uncultivated bacteria [10, 58]. Other growth-stimulatory factors include the quorum-276	  

sensing molecules acylhomoserine lactones (AHL), which have been shown to 277	  

facilitate the growth of an AHL-degrading novel proteobacterium [59], and trace 278	  

elements at levels matching those found in the source environment [60].  279	  

 280	  

Genomic analysis of bacteria targeted for cultivation may provide information on 281	  

specific aspects of an organism’s metabolism, such as potential nutrient sources that 282	  

are likely to be utilized or the absence of genes related to a particular metabolic 283	  

pathway, indicating auxotrophy. These insights may help inform the design of 284	  

customized culture media. Kawanishi et al [61] have used this principle for their 285	  

‘selective medium-design algorithm restricted by two constraints’ (SMART) strategy, 286	  

which evaluates carbon source requirements and antimicrobial sensitivity in order to 287	  

devise highly selective media for target bacteria. This method resulted in the 288	  

successful selective culture of specific environmental bacteria from mixtures of 10 289	  

species. Related examples, though unconnected to environmental microbiology, 290	  

include the design of customized media for human intracellular pathogens such as T. 291	  

whipplei, which have reduced genomes and metabolic pathway deficiencies, by 292	  

supplementation with the particular amino acids for which the bacteria are 293	  

auxotrophic [32, 62].  294	  

 295	  
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It is clear from the methods described above that there are a variety of highly 296	  

sophisticated strategies available for the attempted cultivation of uncultivated 297	  

bacteria. Yet, Browne et al [63] have suggested that, at least in the case of human 298	  

faecal microbiota, a large proportion of the bacterial community can be cultivated and 299	  

purified on a single broad-range culture medium provided that sufficient numbers of 300	  

colonies are harvested for isolation and identification. Based on their hypothesis that 301	  

the human intestinal microbiota is comprised of a high proportion of ethanol-resistant 302	  

spore-forming bacteria, they cultured ethanol-treated and -untreated faecal samples 303	  

on YCFA medium supplemented with sodium taurocholate to facilitate germination of 304	  

spores, and of the 2000 or so colonies picked and isolated, they identified 45 novel 305	  

previously-uncultivated taxa. It would appear that in certain circumstances, the yield 306	  

maybe relative to the time and effort expended. 307	  

 308	  

2.2 Approaches used in oral microbiology 309	  

 310	  

In comparison with the high level of research activity in environmental microbiology 311	  

for cultivation of ‘uncultivable’ bacteria, efforts to culture previously uncultivated oral 312	  

bacteria have been relatively limited. 313	  

 314	  

A selection of approaches used to culture novel oral bacteria is described in Fig 1. In 315	  

brief, targeted approaches were used for the cultivation of specific uncultivated 316	  

targets [19, 64] and open-ended approaches were used for cultivation of multiple 317	  

uncultivated bacteria, in anticipation of a higher-throughput yield [33, 65]. 318	  
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Figure 1. Targeted and open-ended approaches to the in-vitro culture of uncultivated oral 319	  

bacteria320	  
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1	  -‐	  Molecular	  analysis	  of	  mixed	  
bacterial	  samples	  (PCR	  /	  cloning	  /	  
sequencing)	  using	  primers	  specific	  
for	  target.	  Determined	  prevalence,	  
relative	  abundance	  and	  distribution	  

in	  the	  habitat	  

A.	  SPECIFIC	  UNCULTIVATED	  
TARGET	  

Succession	  of	  steps	  providing	  
information	  on	  novel	  target,	  

prior	  to	  its	  ultimate	  isolation	  in	  
pure	  culture	  (based	  on	  [18,	  19])	  

B.	  NON-‐SPECIFIC	  UNCULTIVATED	  
TARGETS	  

Open-‐ended	  approach	  for	  the	  isolation	  
and	  cultivation	  of	  multiple	  novel	  
bacteria	  (based	  on	  [33,	  65])	  

2-‐	  Fluorescent	  in	  situ	  hybridization	  
(FISH)	  for	  visualisation	  of	  target	  in	  
situ	  in	  the	  sample.	  Determined	  
cellular	  morphology	  and	  relative	  

abundance	  

3	  -‐	  Community	  culture	  in	  range	  of	  
amended	  broths.	  Detected	  

enrichment	  for	  target	  bacteria	  using	  
quantitative	  PCR	  and	  FISH	  

4	  -‐	  Colony	  hybridization-‐directed	  
enrichment	  of	  bacterial	  target	  in	  
mixed	  culture	  on	  solid	  media,	  

leading	  ultimately	  to	  its	  isolation.	  
Facilitated	  growth	  in	  purity	  by	  co-‐
culture	  with	  ‘helper’	  strains.	  

Growth	  of	  heavily-‐diluted	  oral	  
samples	  in	  mixed	  consortia	  on	  agar	  
culture	  plates,	  supplemented	  with:	  
(a)	  siderophores	  as	  potential	  
growth	  supplements,	  and	  (b)	  
undiluted	  suspensions	  of	  the	  
sample,	  representative	  of	  the	  

natural	  environment	  

ê 

Harvested	  microcolonies	  and	  
colonies	  satelliting	  around	  /	  on	  
larger	  colonies	  after	  a	  period	  of	  

growth	  

ê 

Passaged	  onto	  fresh	  plates:	  (a)	  
supplemented	  with	  siderophores,	  
(b)	  cross-‐streaked	  with	  ‘helper’	  

strains,	  or	  (c)	  separated	  from	  a	  lawn	  
culture	  of	  ‘helper’	  strains	  by	  a	  
cellulose	  acetate	  membrane	  

ê 

Identified	  novel	  previously-‐
uncultivated	  bacterial	  strains	  by	  
16S	  rRNA	  gene	  sequencing	  and	  
confirmed	  purity	  by	  sequencing	  

multiple	  clone	  inserts	  from	  a	  library	  
derived	  from	  a	  single	  colony	  

Outcome:	  Cultivation	  of	  the	  
novel	  oral	  bacterium	  

Fretibacterium	  fastidiosum	  
(phylum	  Synergistetes)	  

Outcome:	  Cultivation	  of	  multiple	  
novel	  oral	  bacteria	  including	  

Anaerolineae	  bacterium	  HOT-‐439,	  
Bacteroidetes	  bacterium	  HOT-‐365	  

&	  Tannerella	  sp.	  HOT-‐286	  
(BU063)	  	  
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The cultivation of the first representative of the oral cluster A Synergistetes (described in Fig 321	  

1 A) [18, 19] is of particular interest. As mentioned previously, the oral Synergistetes 322	  

community comprises of two main clusters, A and B, where cluster A (genus Fretibacterium) 323	  

has had no cultivated members despite frequent detection of phylotypes using molecular 324	  

methods [17]. In view of the dearth of information on this new bacterial lineage and 325	  

potentially important group of organisms, primers and probes specific for Synergistetes were 326	  

designed, validated, and used to detect this bacterial target in mixed bacterial samples. 327	  

Targeted PCR/cloning/sequencing analysis of oral samples revealed a high taxon-richness 328	  

(12 cluster A Synergistetes taxa, of which 5 were novel) and high prevalence in the oral 329	  

cavity, particularly in subgingival plaque harvested from sites of periodontal disease. Having 330	  

gained some insight into the prevalence, diversity and distribution in the oral cavity of the 331	  

uncultivated cluster A Synergistetes, group-specific fluorescent in situ hybridization (FISH) 332	  

probes were used to visualize cells in situ in subgingival plaque for the first time, confirming 333	  

the presence of intact cells that were large curved bacilli and prominent members of the 334	  

plaque bacterial community, making up on average 8% of the total population. A first attempt 335	  

to cultivate these bacteria in vitro followed on from this. On the hypothesis that these 336	  

bacteria are not readily cultivated outside the natural habitat due to a dependence for growth 337	  

on interaction with other bacteria within the community, they were first ‘cultivated’ in 338	  

consortia, in plain and supplemented ‘cooked meat medium’ broths incubated anaerobically 339	  

for up to 33 days. Monitoring for cluster A Synergistetes and total bacteria by quantitative 340	  

PCR and FISH indicated the successful culture and significant enrichment of target bacteria 341	  

in community culture, particularly in serum- and mucin- supplemented media. The final and 342	  

chief aim was to attempt to cultivate cluster A Synergistetes in purity. With this in mind, the 343	  

colony-hybridization method was used to probe for and detect colonies of target cluster A 344	  

Synergistetes on mixed-culture plates of subgingival plaque on solid culture media. Briefly, 345	  

colonies were lifted from culture plates onto nylon membranes, bacterial target was probed 346	  

for and resultant digoxigenin-labelled probe/anti-digoxigenin antibody hybridizations were 347	  

detected by a colorimetric reaction. Subculture of regions of cells matching positive 348	  
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hybridisation detections on membranes did not initially lead to isolation of target cluster A 349	  

Synergistetes, therefore the colony hybridization process was sequentially repeated on 350	  

subculture plates. This led to the enrichment of the bacterial target within low-complexity 351	  

mixed cultures and ultimately, after eight passages and growth stimulation by cross-streaks 352	  

of other bacteria present within the original community, to the first isolation and cultivation in 353	  

vitro of a member of cluster A Synergistetes, the ‘difficult-to-culture’ bacterium, since named 354	  

Fretibacterium fastidiosum [20]. This species has been found to be a slow-growing fastidious 355	  

bacterium, dependent for growth on helper strains including species present within the host 356	  

community. Furthermore, evidence is emerging for an association of this bacterium with 357	  

periodontal disease [35-38].  358	  

 359	  

Thompson et al [64] also used a targeted colony-hybridization technique to successfully 360	  

isolate the difficult-to-culture bacterium Lachnospiraceae HOT-500 from subgingival plaque 361	  

following a sequence of steps involving first the culture of the sample as a biofilm in a 362	  

Calgary Biofilm Device, followed by transfer to plates of proteose-peptone-agar, a 363	  

customised medium rich in nutrients. Like F. fastidiosum, this novel bacterium was found to 364	  

depend for growth on ‘helpers’ present in the original host community, namely Parvimonas 365	  

micra and Veillonella dispar. 366	  

 367	  

The colony hybridization method is invaluable for attempts at cultivation of specific target 368	  

bacteria, yet in the long run it results in the isolation of only one bacterium. In an effort to 369	  

increase productivity, a novel in-vitro cultivation method using an open-ended approach and 370	  

combination of strategies was devised in the Wade lab [33, 65]. A brief description of the 371	  

protocol is provided in Fig 1 B. The overall strategy was: (a) to grow mixed bacterial samples 372	  

in consortia on agar media plates, whilst keeping the source bacterial community in close 373	  

proximity (in a well in the centre of the plates); (b) to supplement media with siderophores 374	  
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(pyoverdines-Fe and desferricoprogen) shown previously to stimulate growth of uncultivated 375	  

bacteria (see section 2.1); and (c) to stimulate growth of dependent strains with potential 376	  

‘helpers’, either cross-streaked across plates or as lawn cultures beneath cellulose acetate 377	  

membranes, on which the dependent strains were streaked. This work led to the successful 378	  

isolation of multiple previously-uncultivated bacteria, including Anaerolineae bacterium HOT-379	  

439, the first oral taxon from the phylum Chloroflexi to have been cultivated; Bacteroidetes 380	  

bacterium HOT-365; Peptostreptococcaceae bacterium HOT-091; and the much sought after 381	  

taxon, Tannerella sp. HOT-286 (phylotype BU063), which has resisted cultivation efforts by 382	  

various research groups over a period of over a decade. 383	  

 384	  

Sizova et al [66] adapted to the oral environment various approaches previously developed 385	  

in environmental microbiology, and used a range of complementary strategies in an attempt 386	  

to cultivate uncultivated bacteria. These included: (a) the ‘mini-trap’, a modified in-situ 387	  

version of the diffusion chamber used by Kaeberlein et al [40], which was attached to an 388	  

intra-oral appliance to enable cultivation of bacteria in the natural environment in vivo; (b) 389	  

single-cell long term cultivation in 96-well plates, with the aim of permitting the growth of 390	  

‘slow-growers’ without competition from faster-growing bacteria; and (c) modified media 391	  

preparations, such as those containing starch and xylan rather than sugars. Interestingly 392	  

they found little overlap between the methods in the organisms recovered, which could be 393	  

explained by divergent rationales – for example, whereas the mini-trap might favour the 394	  

growth of bacteria dependent on cooperation with other organisms in the natural 395	  

environment, such bacteria might not do as well using a single-cell cultivation method. The 396	  

authors concluded that optimal recovery is achieved by using an ensemble of 397	  

complementary methods. 398	  

 399	  
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Davis et al [67] applied an innovative quantitative-PCR-based screening method to evaluate 400	  

the growth of a selection of specific canine dental plaque bacteria on a range of eight 401	  

different culture media, and used the results to inform the selection of optimal growth 402	  

conditions. In conjunction, where necessary, with the use of Propionibacterium acnes as a 403	  

helper strain under nitrocellulose membranes, this method led to the successful cultivation of 404	  

eight of 11 targeted previously-uncultivated bacteria. 405	  

 406	  

Finally, researchers in the Shi lab [31] recently succeeded in cultivating the first taxon from 407	  

the candidate phylum Saccharibacteria (TM7), strain TM7x from the human oral cavity. They 408	  

did so by plating saliva samples on a specialised oral culture medium (SHI medium) and 409	  

targeting the enrichment of TM7 taxa by streptomycin selection. This and their subsequent 410	  

ground-breaking work [68] have revealed that strain TM7x leads an epibiotic parasitic 411	  

lifestyle associated with another bacterium, its basibiont Actinomyces odontolyticus XH001. 412	  

Furthermore they confirmed, by transcriptomic and metabolomic analysis, a signalling 413	  

interaction between the two. With an extremely small cell size and reduced genome of 705 414	  

kb lacking the capacity to synthesise any amino acids, strain TM7x represents a classic 415	  

example of auxotrophy. It is of no great surprise that this organism is dependent on another 416	  

for survival and growth, and has therefore been recalcitrant to cultivation for so long. 417	  

 418	  

3 Conclusions 419	  

 420	  

Any bacterium must first be cultivated in vitro before a comprehensive characterisation can 421	  

be undertaken, both to study its physiology and phenotype, as well as potentially to better 422	  

understand how it interacts with other bacteria within the host community. Hence the quest 423	  

to culture uncultivated bacteria is of paramount importance. Over the years, a host of 424	  

innovative strategies have been devised and used successfully for this purpose: some have 425	  
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involved sophisticated devices, while others have relied on relatively simple methods and 426	  

basic principles. It is clear that the inter-relationships between neighbouring bacteria in 427	  

mixed communities, particularly those in biofilms, are highly developed; hence several 428	  

‘difficult-to-culture’ bacteria manifest dependencies on other bacteria for growth ex vivo. As 429	  

the relationships between helper and dependent strains are better understood over time, 430	  

potentially ‘universal’ growth factors may be uncovered, and this may facilitate the 431	  

development in the future, of much-needed high-throughput strategies for the cultivation of 432	  

uncultivated bacteria.  433	  
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