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    Abstract     IVET  (in vivo expression technology) and STM  (signature-tagged 
mutagenesis) are suitable methods for revealing genes that are induced in soil and 
are essential in soil, respectively. These methods are potentially advantageous over 
newer methods, such as microarray and RNA-seq, because they allow analyses of 
bacteria under non-sterile conditions. However, their application to non-sterile soil 
also presents challenges that must be overcome. In this work, we describe the dif-
fi culties we faced when using IVET to identify genes that are upregulated in 
 Burkholderia multivorans  ATCC 17616  in soil. We also describe the future perspec-
tives of these and other analytical schemes, including the potential use of next- 
generation sequencing technologies that might allow comprehensive isolation of 
soil-relevant genes and also might improve the quality of research from a qualitative 
point of view.  

  Keywords     Illumina    •   IVET    •   STM   

14.1         Introduction 

 To utilize bacterial activities in natural environments, including the abilities to 
degrade man-made recalcitrant compounds, it is crucial to reveal the natural lives of 
bacteria in the environment. It is especially important to reveal their lives in the soil. 
It seems to be widely accepted that the transfer of pure-cultured bacteria grown in 
a laboratory medium into the natural ecosystem eventually results in the 
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disappearance of the bacteria and in the failure to observe the expected functions of 
the augmented bacteria. To overcome this problem, it is important to identify genes 
that play pivotal roles in the survival of bacteria in the soil environments. As bacte-
rial lives in the soil environments are not well understood, revealing such genes 
from the genome of each soil strain is also of particular interest from a biological 
point of view. In this chapter, we describe the two strategies, STM  (signature-tagged 
mutagenesis) and IVET  (in vivo expression technology), which have been used to 
reveal the lives of bacteria in the soil. We also describe the potential use of next-
generation sequencing technologies that might aid in the studies in this fi eld. For the 
general use of IVET and STM, see Rediers et al. ( 2005 ) for IVET and Mazurkiewicz 
et al. ( 2006 ) for STM. Also relevant is Saleh-Lakha et al. ( 2005 ) that deals with 
methods for microbial gene expression in soil and environmental factors affecting 
gene expression in soil.  

14.2     Strategies to Reveal the Lives of Bacteria 
in a Soil Environment 

 One basic approach to investigate the lives of bacteria in soil environments is to 
inoculate the bacterial cells of interest, whose genomic sequence might be known, 
into soil samples. Although the augmentation of cells within a soil sample may lead 
to an unusual community structure in which the augmented clonal cells occupy the 
major part of the population, such an experimental scheme is valuable to shed light 
on the lives of bacteria in soil environments. 

 The identifi cation of genes that play a pivotal role in natural non-sterile soil 
samples is compromised because of the nature of soils. First, in the soil samples, 
there is an immense variety of bacterial cells and eukaryotic creatures, such as fungi 
and possibly protozoa. This variety itself makes it impossible to isolate RNAs that 
originated from the augmented bacteria. Even if a sterilized soil sample is used, it is 
diffi cult to isolate RNA of suffi cient quality and in suffi cient amounts to be used for 
further analyses. This diffi culty mainly arises from the presence of humic sub-
stances  in the soil; these substances have physicochemical properties very similar to 
those of nucleic acids and are co-purifi ed with RNA, and they interfere with the 
enzyme reactions and hybridization. The microarray technique  was applied to ana-
lyze the expression profi les of  Pseudomonas putida  KT2440 in soils by Wang et al. 
who established a protocol to extract high-quality RNA from sterile soil inoculated 
with KT2440 (Wang et al.  2011 ). The other approach is to identify induced genes 
by adding extracts from soil to a laboratory medium and purify the RNA for further 
analysis. Yoder-Himes et al. used a next-generation sequencer , illumina , to conduct 
RNA-seq to identify genes that are expressed in response to soil extracts from in 
 Burkholderia cenocepacia  HI2424 , which was isolated from an agricultural fi eld 
(Yoder-Himes et al.  2009 ). Recently, genes upregulated in  Rhodococcus jostii  
RHA1 , a polychlorinated biphenyl degrader, during its growth in sterile soil, were 
reported based on microarray analysis of RNAs recovered from the sterilized soil 
(Iino et al.  2012 ). 
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 These recent approaches have successfully identifi ed soil-induced or soil- repressed 
genes. However, these studies are limited because they utilized sterile soil or soil 
extracts that were added to the laboratory medium. These conditions are different 
from the in vivo conditions, e.g., there are no competing organisms that might attack 
the augmented bacteria by predation or continuous production of substances with 
antimicrobial activities. In this regard, these new technologies allow effi cient iden-
tifi cation but fail to detect genes that might have been identifi ed by using one of the 
two more traditional approaches mentioned above. These strategies, IVET  and 
STM , enable the identifi cation of genes that are specifi cally induced in soils and 
genes that are essential in soils, respectively. These approaches could be applied to 
non-sterile environments, although such applications also face diffi culties and will 
require further improvements (see below). 

 IVET  utilizes a positive screening scheme, in which two reporter genes play 
essential roles. The IVET strategy is rather complicated and there are several varia-
tions among the systems. The two major differences are the type of reporters used 
and the way in which the reporter genes are maintained in the bacterium, i.e., use of 
a plasmid vector or a specialized integration system (see Rediers et al. ( 2005 ) for the 
details of IVET strategies). For simplicity we here describe the IVET system that 
we utilized in our previous study to identify genes that are induced in the soil isolate 
 Burkholderia multivorans  ATCC 17616  within soil but not in a laboratory medium 
(Nishiyama et al.  2010 ). In this study, a  dapB  gene and  lacZ  gene were used as the 
reporter genes.  dapB  encodes an enzyme essential for    the biosynthesis of lysine and 
diaminopimelate (DAP), and a  dapB  mutant of ATCC 17616 required the two sub-
strates. To the  dapB  mutant, we introduced a genomic library of ATCC 17616, 
which was constructed in  Escherichia coli . Each plasmid clone in the library carried 
a DNA region derived from ATCC 17616 fused with a tandem array of  dapB  and 
 lacZ . Because of the nature of the R6K  ori , the plasmid is not replicable in ATCC 
17616, and the selection by the tetracycline-resistance gene located on the plasmid 
resulted in the isolation of strains, in which the plasmid was integrated in the genome 
by homologous recombination between the DNA region cloned in the plasmid and 
the corresponding DNA region in the genome (see Fig.  14.1 ). The IVET library was 
then inoculated into a soil sample, and incubated for a certain period of time for the 
elimination of cells not expressing the  dapB  gene (fi rst screen). During the incuba-
tion, it was considered that the cells in which the  dapB  gene was transcribed would 
be able to survive or proliferate in the soil environment. After the incubation, the 
cell fraction was recovered and spread onto medium containing X-gal as well as 
DAP and lysine. We chose LacZ −  (i.e., white) colonies to make an output pool (sec-
ond screen). Each of these clones that formed a white colony had the  dapB - lacZ  
cassette in a genomic locus that is expressed in the soil environment but not in the 
laboratory medium. To identify the genomic regions where the plasmid was inte-
grated, we considered two methods, one based on the retrotransfer of the integrated 
plasmid  to  E .  coli  strains, and the other based on determination of the integrated 
locus by sequencing using the genomic DNAs as templates , and we chose the latter 
(Shimoda et al.  2008 ). To obtain the sequencing traces we needed two unique prim-
ers that anneal to the region fl anking the cloning site of the plasmid. To design such 
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primers, we created a tool named “PrimerFinder,” which is now available as an 
accessory tool of the GenomeMatcher software (Ohtsubo et al.  2008 ). This tool 
fi nds, from the specifi ed region of a replicon, primers whose 3′ N-mer (i.e., 11-mer) 
are unique among all the DNA sequences of the specifi ed replicons. Once we come 
up with two good primers to determine the two junctions, we can determine the 
junctions in a high-throughput manner.

   One of the major problems we experienced in the application of the IVET  system 
was the isolation of false-positive clones. The false-positive clones were clones that 
formed white colonies in the second screen, irrespective of the genomic location 
where the IVET reporters were integrated. In our preparative experiments, we con-
structed a negative control strain, in which the IVET plasmid was integrated to a 
genomic location that should not transcribe the  dapB - lacZ  cassette (the cassette was 
integrated in the opposite direction of a gene for cytochrome oxidase,  cox ). We also 
constructed a positive control strain that carries the cassette not in the opposite 
direction as the  cox  gene. The two strains were mixed and inoculated into the soil, 
and after certain time intervals the cell fraction was spread onto media containing 
X-gal. Ideally, the number of white colonies should reach zero after a certain period 
of incubation. However, white colonies were always observed at a very low, but a 
steady level, even after 70 days of incubation. We speculated that such white colo-
nies appeared because a fraction of the cells had reached a dormant state after inoc-
ulation into the soil sample. There might be many places where a cell can hide itself 
from the other competing cells, e.g., the hollows of soil particles, leading to the 
survival of the cell. This speculation was supported by a fi nding that following the 
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  Fig. 14.1    Integration of a reporter plasmid into a genome. The  gray bar  on the plasmid represents 
an insert DNA derived from the strain to be analyzed. The plasmid is integrated by homologous 
recombination ( crossing bars ) between the insert DNA and the corresponding DNA in the target 
genome. In the cells, RNA polymerases are transcribing from left to right through the  dapB - 
proximal  end of the cloned fragment. Note that the promoter for the transcription might lie in the 
cloned region or might be located upstream of the cloned fragment       
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inoculation of the  dapB  mutant into the sterile soil, the CFU of the mutant did not 
decrease for a long period of time, suggesting that the  dapB  mutant did not grow but 
could survive in the soil. 

 The isolation of chimeric clones is more complicated (see Fig.  14.2 ). The chi-
meric clones are IVET  clones that carry an integrated plasmid whose insert is 
comprised of more than one DNA region of the genome. The rate of chimeric 
clones of the IVET library constructed in  E .  coli  is low, as exemplifi ed by the plas-
mid extraction and sequencing of a fraction of clones in the library. However, the 
rate was signifi cantly higher in the output pool (44 % of isolated clones). This 
increase in the rate of the chimeric clone was attributed to the chimeric plasmid 
reaching a complex equilibrium upon introduction to ATCC 17616 , a condition 
under which it could not undergo autonomous replication. Under equilibrium, the 
plasmid is integrated in the genome at either of the genomic regions that are cloned 
or in its plasmid form, which might tentatively arise when the plasmid changes the 
integration location. The presence of such “free” plasmid is evident from the fact 
that such integrated plasmid could be retrieved to  E .  coli  strains by means of con-
jugative cloning  (Rainey et al.  1997 ). A chimeric IVET plasmid has more than one 
genomic region for integration, and if one region but not the other region tran-
scribes the two reporters, the clone carrying such a plasmid can pass the fi rst and 
second screens (see Fig.  14.2 ). In the soil, cells that carry the integrated plasmid in 
a genomic locus that transcribes  dapB - lacZ  survive and proliferate. In a very minor 
fraction of these cells, a free plasmid emerges and is integrated into a non-expressing 
locus, leading to the emergence of cells not expressing  dapB - lacZ , which will be 
chosen in the second screen.

plasmid form that
transiently appears

1st

2nd

promoter
no promoter

A

B

A B

  Fig. 14.2    Schematic representation of how chimeric plasmids generate false positives. If    two 
regions ( A  and  B ) from a genome are cloned in a single plasmid, the plasmid can then be integrated 
into a region  A  or  B  in the genome or transiently exist in the cell in a free plasmid form. Here, it is 
presumed that transcription of the two reporters (designated as fi rst and second) occurs in the cell 
when the plasmid is integrated into the region  A  but not into the region  B . The integrant at region 
 A  can survive the soil conditions and continuously form the free plasmid. The free plasmid can 
integrate into region  B , resulting in an integrant which can pass the second screen of the IVET  
strategy because it does not express the reporter genes. To avoid false positives, it is essential to 
determine both ends of the insert DNA       
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   These two features, dormancy and chimeric clones, are the important features of 
IVET  screening that should be taken into consideration to gain insights of biological 
importance. To overcome the diffi culties, we constructed four libraries, and each 
library was screened in 60 independent tubes (total 240 tubes). Since the dormant 
cells were supposed to be recovered by chance, genomic loci that were identifi ed 
from more than one tube were less likely to result from the dormant cells. We also 
tested whether or not the isolated clones were chimeric by obtaining sequence reads 
of both of the two junctions. We excluded chimeric clones and listed genomic loci 
that were identifi ed from at least two independent clones, and loci that were experi-
mentally confi rmed to be induced in the soil by LacZ analysis of the cells recovered 
from the soil sample. 

 There were several diffi culties in applying our IVET  system to non-sterile envi-
ronments. In a control experiment   , the  dapB  mutant (LacZ − ) and a  dapB - expressing  
strain (LacZ + ) were mixed and inoculated into the non-sterile soil sample. The col-
ony-forming units (CFUs) of the inoculated cells decreased dramatically, and the 
ratio of white to blue colonies that were observed when the cell fraction recovered 
from the soil was plated onto an X-gal-containing agar plate, did not decrease sig-
nifi cantly, only reaching about 1/3 in 90 days. This slower progression of competi-
tion between the  dapB  mutant and  dapB -expressing strain indicated that a long 
incubation period (e.g., 5 years) is required. Although the IVET system has poten-
tial to be applied to non-sterile environments, prolonged incubation periods or 
advances in experimental settings are needed to stimulate the competition and to 
prevent the initial rapid decrease of CFU. For example, to prevent the initial rapid 
decrease in the CFU, cells could be inoculated into a small amount of sterile soil for 
a certain period of time to allow them to adapt to the soil environment before non- 
sterile soil is added. 

 It seems that the current IVET  systems used thus far are limited in terms of the 
number of genomic loci they can identify. We spent about 2 years to determine the 
integration regions of 1,280 clones. Development of further analytical schemes that 
allow effi cient identifi cation of induced genomic loci will accelerate the IVET stud-
ies in the future (see also below). 

 STM  is originated from a study that identifi ed genes from  Salmonella 
typhimurium , which has been implicated in the virulence to mice (Hensel et al. 
 1995 ). Basically, STM utilizes a negative screening scheme, in which transposon 
mutants that disappeared during the incubation or passage in a specifi c environment 
are searched, leading to identifi cation of genes that are essential in the environment. 
Several modifi cations have been made to improve the system, resulting in several 
variations. The two major differences among the resulting systems are (1) the way 
in which each mutant is tagged with a specifi c DNA sequence and (2) the way to 
detect clones that have disappeared during the period of incubation in a given envi-
ronment (Mazurkiewicz et al.  2006 ). 

 To date, except for a study of  Burkholderia vietnamiensis  G4 to identify essential 
genes in the rhizosphere (O'Sullivan et al.  2007 ), there has been no study in which 
STM  was applied to reveal the essential genes in soil environments. In our laboratory, 
a  fur  gene (Yuhara et al.  2008 ) for the ferric uptake regulator was identifi ed from 
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 B .  multivorans  ATCC 17616  (our unpublished observation). However, to  compile an 
entire list of genes essential in soil, further screening and confi rmatory studies will be 
needed. The STM techniques will be replaced by new experimental schemes utilizing 
next-generation sequencers, which should identify essential genes in vivo more effi -
ciently (see below).  

14.3     Genes Found to be Induced or Essential in Soil 

 Table  14.1  lists studies that have identifi ed genes that are induced or essential in 
soils or the rhizosphere. Although these studies identifi ed tens or hundreds of such 
genes, in order to understand the function of the genes in soil, further dedicated 
studies will be needed. Here we describe examples of genes that were identifi ed in 
the IVET  screening and that were analyzed further to gain insight into their function 
in soil.

   An IVET  study of  P .  fl uorescens  Pf0-1 to identify genes important in soil identi-
fi ed 22 genes, including ten genes that were present in an antisense orientation rela-
tive to the overlapping protein-coding genes, and two studies followed to reveal the 
functional signifi cance of the inversely oriented genes. The gene  iiv19  overlaps with 
the  leuA2  gene, which encodes an enzyme for leucine biosynthesis. A disruption 
study of  leuA2  resulted in a surprising fi nding, namely, that the absence of  leuA2  in 
soil is advantageous when leucine is added exogenously (Kim and Levy  2008 ). 

   Table 14.1    Studies pertaining to identify genes that are important in soil or rhizosphere      

 Strain  Strategy 
 Growth/incubation 
conditions used  Reference 

  Pseudomonas 
fl uorescens  SBW25 

 IVET   Sugar beet seeds soaked with 
bacteria and recovery of 
cells from rhizosphere 

 Rainey ( 1999 ) 

  Pseudomonas 
fl uorescens  Pf0-1 

 IVET   Sterilized sandy loam soil  Silby and Levy 
( 2004 ) 

  Pseudomonas putida  
KT2440 

 IVET   Maize seeds soaked with 
bacteria and recovery of 
cells from rhizosphere 

 Ramos-Gonzalez 
et al. ( 2005 ) 

  Burkholderia 
vietnamiensis  G4 

 STM   Pea rhizosphere  O'Sullivan et al. 
( 2007 ) 

  Burkholderia cenocepacia  
HI2424 /AU1054 

 RNA-seq  Soil medium containing soil 
extracts 

 Yoder-Himes et al. 
( 2009 ) 

  Burkholderia multivorans  
ATCC 17616  

 IVET   Sterilized/non-sterilized 
brown forest fi eld soil 

 Nishiyama et al. 
( 2010 ) 

  Pseudomonas putida  
KT2440 

 Microarray  Sterilized soil in the presence 
or absence of 
3- chlorobenzoic acid 

 Wang et al. ( 2011 ) 

  Rhodococcus jostii  RHA1   Microarray  Sterilized brown forest 
fi eld soil 

 Iino et al. ( 2012 ) 
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The gene  iiv8  is upregulated in soil and is antisense to the  ppk  gene that encodes 
polyphosphate kinase. The induction of antisense RNA encoded by  iiv8  reduced the 
 ppk  transcript to a level that was 1/5 of the uninduced control, suggesting a post-
transcriptional mechanism. It was also suggested that precise control of polypho-
spate production is important for survival in the soil environment (Silby et al.  2012 ). 
As these two studies demonstrated, antisense RNAs  might play signifi cant roles in 
soil, suggesting that the transcriptions that generate transcripts that are complemen-
tary to protein-coding mRNA should not be ignored. 

 A cluster of genes ( andAcAdAbAa ) for anthranilate dioxygenase  was identifi ed 
in the IVET  screen of  B .  multivorans  ATCC 17616 , and the expression level in the 
soil increased more than 100-fold as determined by measurement of the LacZ activ-
ities of cells recovered from the inoculated soil (Nishiyama et al.  2010 ). The dis-
ruption of the  andA  operon resulted in a strain that failed to proliferate in the initial 
period after inoculation (the initial proliferation started after one week). The 
expression level of the  andA  locus remained low until, after four days, it started to 
increase, and then it increased further after two weeks, suggesting that the  andA  
expression plays a pivotal role in the initial proliferation of cells after inoculation 
into the soil (Nishiyama et al.  2012 ). In laboratory medium, the  andA  operon 
expression was induced by anthranilate and tryptophan. But no anthranilate or tryp-
tophan was detected in the soil, and thus the origin of the inducer(s) and the physi-
ological signifi cance of the  andA  operon in soil remain a matter of speculation 
(Nishiyama et al.  2012 ).  

14.4     Factors Controlling Gene Expression in Soil 

 It is of particular interest to identify the signals that induced the individual genes in 
soil  (see Fig.  14.3  for potential inducers). To date, no global regulator that induces 
the expression of a set of genes in soil environments has been found. It seems that 
no soil-specifi c sigma factor or soil-specifi c transcriptional regulator exerts its 
effects to make a global expression profi le in the soil. Rather, different independent 
signals present in the soil induce the respective genes.

   Among the possible signal types, one of the most plausible is the low-molecular- 
weight signal, such as that given by organic compounds or by iron, arsenic, or other 
ionic forms of metals. In fact, soil extracts  prepared by washing the soil with water 
or by organic solvents such as ethyl acetate have been shown to induce a group of 
genes in laboratory media (Yoder-Himes et al.  2009 ; Nishiyama et al.  2010 ). It is 
possible that antimicrobial agents, such as antibiotics and bacteriocins produced by 
co-residing bacterial or eukaryotic cells, are the inducing signals. However, it should 
be noted that soil is made up of soil particles that do not allow the free diffusion of 
chemical signals. That is, a chemical compound can be locally accumulated to reach 
a level suffi cient to induce a gene in a bacterial cell present at that very location, but 
not to a level that upon extraction leads to induction in laboratory media. It is also 
possible that chemical compounds accumulated in the soil are the inducer. 
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The  andA  genes in ATCC 17616 , which encode anthranilate dioxygenase and are 
involved in anthranilate metabolism, were induced by anthranilate and tryptophan 
in a laboratory medium. However, neither tryptophan, which is converted to anthra-
nilate by metabolism, nor anthranilate was detected in the soil extract. Moreover, 
the induction in the soil required several days of incubation, indicating that the 
anthranilate is not present in the soil sample but accumulated in the cell after the 
onset of incubation in the soil. These possibilities might account for the failure of 
induction by the extracts added to the laboratory medium. 

 Another diffi culty with identifying the signal in vivo is that identifi cation of the 
inducing signal in a laboratory medium might suggest but not prove that the same 
signal inducer induced the expression. For example, genes for fusaric acid- resistance   
in ATCC 17616  are upregulated in the soil, and their induction in the laboratory 
media requires a gene for the LysR-type transcriptional regulator, FusR, and the 
addition of fusaric acid (our unpublished observation). This fi nding in laboratory 
media suggested that fusaric acid is the inducer in the soil; however, the involve-
ment of other inducers and regulatory proteins could not be excluded due to the 
complex nature of the soil. 

 Although there should be other types of signals involved in producing a soil- 
specifi c expression profi le, at present only speculations can be made. It is possible 
that close proximity to the wall of the soil particles might be recognized by a bacte-
rial cell to change its expression profi le. It is also possible that stressful conditions that 

adhesion to a soil particle

quorum sensing signals

anti microbial agents (antibiotics, bacteriocides,
fusaric acids, lipases, phages) 

nutrients from plant or bacterial cadavers

metal signals 

local accumulation of chemical compounds
low nutrient conditions

dead cell

  Fig. 14.3    Signals that might generate a soil-specifi c gene expression profi le. White cells drawn in 
a cavity of a soil particle are the cells for analysis. These cells might be infl uenced by quorum- 
sensing signals produced by akin cells or by antimicrobial agents from fungi or other kinds of 
bacterial cells (hatched cells). Chemical substances could be locally accumulated ( asterisks ). 
Under low-nutrient conditions, particular substances such as anthranilate or tryptophan may accu-
mulate in the cell ( dots )       
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were brought about by the poor nutrient conditions, contents of dead cells, presence 
of phages in the soil, and quorum-sensing molecules produced by akin cells might 
be responsible for generating the soil-specifi c expression profi les.  

14.5     Future Perspectives 

 The TraSH method, which utilizes microarray technology, was fi rst developed to 
identify essential genes in  Mycobacterium bovis  on minimal but not rich medium 
(Sassetti et al.  2001 ). Like STM , the TraSH procedure utilizes a transposon mutant 
library, but the identifi cation of the transposon-inserted genes that result in the 
decreased fi tness is done by a microarray co-hybridized with probes generated from 
input and output pools (Sassetti et al.  2001 ). In 2009, applications of three new 
technologies, named HITS  (Gawronski et al.  2009 ), Tn-Seq  (van Opijnen et al. 
 2009 ), and traDIS  (Langridge et al.  2009 ), were reported. Each utilizes illumina - 
sequencing technology to identify the location of the transposon cassette in the 
massive parallel sequencing. The application of the illumina-sequencing greatly 
increased the effi ciency of screening, making it possible to identify the insertion site 
and simultaneously to qualitatively assess the fi tness of the mutants. Since then, 
several reports that utilize these technologies have been published (Smith et al. 
 2010 ; Gallagher et al.  2011 ; Khatiwara et al.  2012 ; Eckert et al.  2011 ), and use of 
the next-generation sequencing technologies will be the standards in the next 
decade. These technologies will be replacing the STM strategy in the future because 
specifi c tag sequences to discriminate each mutant will no longer be used. 

 In contrast, although it would be possible to apply the next-generation 
sequencing technologies to the IVET  system, their use will be limited to the 
identifi cation step of the insertion regions. However, to exclude chimeric clones, 
both junction sequences must be determined for each clone. Therefore, a new 
strategy must be developed to identify both junctions of each strain present in a 
mixture of strains. 

 To utilize next-generation sequencing technologies to identify soil-induced 
genes, the next challenge will be to augment a strain of interest into a non-sterile 
soil sample and prepare the RNA for illumina  sequencing. As the illumina produces 
a huge amount of data, and the data production scale is still increasing, in the near 
future, it will be possible to collect a great number of sequence reads derived from 
the input bacteria (i.e., reads that are 100 % matched to the genomic sequence of the 
input bacteria) while excluding those derived from the indigenous bacteria which 
should dominate the whole sequence reads, so that the data can be assessed from a 
quantitative point of view. 

 The studies of microorganisms in soil are hindered by the fact that different soil 
samples are so different with respect to the compositions and also to the bacterial 
fl ora present in the soil. This makes it diffi cult to compare the results from different 
studies that use different soil samples. It would be possible to develop and use a 
formulated soil made up of known materials that are readily available, such as 
crushed igneous rocks and leaves of a certain kind of trees, and augment this with a 

Y. Ohtsubo et al.



289

mixture of bacterial cells with known genomic sequences. The other alternative 
might be to decide to use a representative soil sample and share it among the labo-
ratories. Our laboratory and those of other researchers have shared a brown forest 
soil sample collected from the Ehime Agricultural Experiment Station (Matsuyama, 
Japan). The physicochemical properties of the soil have already been reported by 
Wang et al. ( 2008 ). 

 It will also be challenging to develop an experimental scheme to recover inocu-
lated bacterial cells from a mixture of a huge number of other kinds of cells, possi-
bly by using the surface antigen of the input cells. The endogenous surface antigen 
could be used or bacteria could be engineered to express an exogenous one. The 
other idea is to embed the cells of the library in small permeable capsules that allow 
the diffusion of small molecules across the membrane, but protect the inside cells 
from being rapidly killed by creatures in soil. The recovery of such capsules from a 
soil sample would be easy, and the inside cells could be used for further analyses. 
For example, an RNA sample could be prepared for further analysis including 
RNA-seq  (Mortazavi et al.  2008 ; Nagalakshmi et al.  2008 ; Yoder-Himes et al.  2009 ) 
or dRNA-seq for transcription start site analyses (Sharma et al.  2010 ) that utilize 
next-generation sequencing technologies.     
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