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Synopsis

A novel method for RNA extraction from soil wasveloped and improved. To remove
co-extracted humic substances from soil RNA samteslysis conditions and purification
columns were optimized, which allowed preparatibaal RNA with high purity. By using
this method, real-time RT-PCR and microarray aresysf bacterial gene expression in a
sterilized soil inoculated with a single bactegtahin were performed successfully. To extract
RNA from Andosols (volcanic ash soils), which ane tlominant agricultural soil in Japan
and are well known for their strong adsorption &i/R extraction buffer containing

autoclaved casein was used, which allowed sucdd2bid extraction from diverse soils.
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Chapter |

| ntroduction

Many tales about the Earth can be found ircthieires of ancient China, ancient Greece,
and other nations throughout the world. Althoughlme on the Earth, it remains mysterious
to us. Most of our food originates from soil, whittims a very thin layer on the surface of
the Earth. To understand the Earth better, knovdedgoil and the microorganisms living in
it should be obtained. During the last century, ohthe major achievements of soil
microbiologists was isolating bacterial straingfreoil and surveying their population in soil
environments using culture-based methods; howdwegreat number of bacterial species
(Torsvik & @vreds, 2002; Torsvidt al., 2002; Ganst al., 2005; Roescht al., 2007) in soil
makes the isolation and identification of new baatespecies a never-ending task. Although
much effort has been devoted to the developmengwfstrategies to isolate new species
from soil (Hattori, 1981; Suwa & Hattori, 1987; Miiti et al., 1997; Stevensoet al., 2004),
many bacterial species are resistant to cultureaBse approximately 99% of bacteria in soill
remain unidentified and/or are difficult to cultufEorsviket al., 1990), culture-based
methods have limitations for the survey of bactgrapulations in soil. These limitations
have motivated researchers to search for brealghroulture-independent approaches. After
it was approved for use in a wide range of lifeace applications (Boehm, 1989; Deacon &
Lah, 1989; Macintyre, 1989; Paabtal., 1989; Vosberg, 1989), the polymerase chain
reaction (PCR) technique, which appeared in the 188Ds (Mullis & Faloona, 1987), was
used by soil microbiologists soon after its introtilon to detect bacterial genes in soill
(Chaudhryet al., 1989; Henschket al., 1991; Pillaiet al., 1991; Selenska & Klingmuller,

1991). With the increasing use of PCR, more sodrahiological studies focused on specific



genes in soil bacteria, mainly the small sububibsomal RNA gene (Hahet al., 1990;
Segoviaet al., 1991; Bruceet al., 1992; Liesack & Stackebrandt, 1992). Culture-petedent
molecular techniques have proven that the microfdald is genetically and functionally
more complex and diverse than previously hypotlegisan the basis of culture-dependent
studies. Culture-independent methods provide us arge amounts of information about
bacterial species in soil, and this informationsgful for identifying newly isolated bacterial
species and surveying the bacterial community ineswironments (Janssen, 2006). Internet
databases, such as the Ribosomal Database P2} (http://rdp.cme.msu.edu/) and
Greengenes (DeSanskal., 2006), facilitate the dissemination of new infatron to soll
researchers.

Many researchers have used bacterial genomi &tracted from soil as templates for
PCR detection of bacterial genes in soil (Segeva., 1991; Bruceet al., 1992; Liesack &
Stackebrandt, 1992). DNA only provides us with miation about the existence of bacteria
in soil; it cannot provide us with information alh@ene expression, which is important to
understand bacterial activities in soil, such agdyéal growth, degradation activities of
various compounds, and bacterial responses to@magntal factors. For this reason, a study
using reverse transcription-polymerase chain rea¢RT-PCR) to detect bacterial gene
expression in soil was launched in the early 19Bfadnet al., 1990; Tsaget al., 1991;
Selenska & Klingmuller, 1992). Recently, the cDNAre library was also used to investigate
active genes in soil (Boteeb al., 2005). Because both RT-PCR and the cDNA clomarb
require bacterial RNA as a template for converfRidA into cDNA, direct extraction of
bacterial RNA from soil is a key procedure in btgbhniques and is of great interest. In the
past 20 years, many methods of RNA extraction fsoihhave been reported (Haaral .,

1990; Tsaket al., 1991; Selenska & Klingmuller, 1992; Moretal., 1993; Borneman &

Triplett, 1997; Flemingt al., 1998; Mendunet al., 1998; Griffithset al., 2000; Hurtet al.,



2001; Sessitscét al., 2002; Burgmanuet al., 2003; Luiset al., 2005; PerSokt al., 2008);
however, until now, there has been no method foARKraction from all types of soil, so
researchers had to choose or develop soil RNA&kiramethods to fit their own research
purposes. The lack of a universal RNA extractiothoe for all soils hindered the study of
bacterial gene expression in soil. Recently, theieqtion of RNA extracted from soil has
been extended to whole transcriptomic analysisnfbgeret al., 2006; Urichet al., 2008),
which are more powerful than RT-PCR and may prousi&vith information about the global
gene expression of soil bacteria.

The major difficulties encountered in extragtRNA from soil and corresponding
strategies to overcome those difficulties, rathanteach detailed procedure in the protocol,

are discussed below.

Overview of RNA extraction from soil

There are two major methods of RNA extractiamT soil: the direct and the indirect. In
the direct method, nucleic acid is extracted fraihdirectly; in the indirect method, the
bacteria are first isolated from the soil, and thanleic acids are extracted from the cells
collected. It has been reported that the indiresthod resulted in significantly lower RNA
yields than the direct extraction method (Hahal., 1990). Also, gene expression might be
affected or altered during treatment before cealidyHence the direct method to extract RNA
from soil is prefered by soil microbiologists.

RNA extraction from soil with a direct methoancbe divided into three stages: cell lysis,
extraction of RNA from the soil matrix, and purditon of RNA. At the cell lysis stage, bead
beating has become popular over the past 10 y&aiffiths et al., 2000; Sessitsc#t al .,

2002; Burgmanmt al., 2003; Luiset al., 2005; PerSohkt al., 2008), although several other
methods, such as sonication (Hahal., 1990), grinding after freezing in liquid nitrogen
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(Hurtet al., 2001), and enzymatic lysis by lysozymes (Maggal., 1993), have also been
used. To protect RNA from degradation by RNasegtimation reagents for RNase, such as
guanidine thiocyanate, guanidine isothiocyanat@e2eaptoethanol, or dithiothreitol are
normally added to the extraction buffer so thatRMNase molecules can be inactivated
immediately after they are released from cellseAéell lysis, RNA molecules, together with
DNA and proteins, are released from cells intosihie suspension; meanwhile, humic
substances are also released from solil partitiesefiore, the soil suspension is a mixture of
many kinds of molecules, including RNA and humibstances. At the second stage, the
nucleic acids can be separated from the soil mairdteins, and cell debris by phenol
extraction. Then, RNA precipitation by ethanol psmpanol, or polyethylene glycol (PEG) is
typically required to reduce the volume of the sengmd to remove various salts. At the third
stage, RNA samples are purified by spin columrduging gel filtration (size exclusion)
(Moranet al., 1993; Mendunet al., 1998; Sessitso#t al., 2002) and ion exchange (Hett

al., 2001) chromatography columns. Commercial kitsSRA extraction from soil are also

available, and are summarized in Table 1.1.

Difficulties in recovering bacterial RNA from soil

Contamination by humic substances

Impurities are extracted from soil along with RNaxd the majority of these impurities
are humic substances, which are dark-colored, bgg@eous organic compounds in soil
(Stevenson, 1994). Based on their solubility uradédic or alkaline conditions, humic
substances in soils can be divided into three maops: humic acids, which are soluble
under alkaline conditions but not acidic conditioiudvic acids, which are soluble under all
pH conditions; and humin, which is the insolublgction (Stevenson, 1994). Because humin
cannot be extracted by any water solution, theg@radant humic substances co-extracted
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with RNA should be humic and fulvic acids. Fulvds inhibit PCR amplification, but only
at high concentrations (Kreader, 1996). Compareid fuivic acids, the effect of humic acids
on biological experiments has been well studiecbse they present difficulties in various
molecular biological experiments. Humic acids hagen shown to interfere with enzyme
reactions (restriction endonuclease, DNase, andsBNdebbe & Vahjen, 1993), PCR
amplification (Tsai & Olson, 1992b; Tebbe & Vahjd993), DNA-DNA hybridization
(Steffanet al., 1988; Tebbe & Vahjen, 1993), transformation ahpetent cells (Tebbe &
Vahjen, 1993), nucleic acid detection and measunéBachooret al., 2001; Zippeset al.,
2003), and RNA hybridization (Alret al., 2000). Thus, the removal of humic substances
from soil RNA samples is critical to molecular aysa$; however, complete removal is rather
difficult (Harry et al., 1999). As shown in Fig. 1.1, only a fraction afrhic and fulvic acids
can be removed by phenol extraction, and both egorécipitated by ethanol, which is

somewhat similar to DNA and RNA.

Adsorption of RNA by saill

As mentioned above, there have been some succeasig of RNA extraction from
diverse soils; however, RNA extraction from Andasisl a challenge. Andosols (volcanic ash
soils) can be found all over the world. In Japamddsols cover about 16.4% of land surface
and 46.5% of arable upland fields (Gogil., 2000); thus, it is necessary to establish a
method for RNA extraction from Andosols to faciléghe study of bacterial gene expression.
For this reason, we attempted RNA extraction fromdésols with a popular commercial kit,
RNA PowerSoil Total RNA Isolation Kit (MO BIO, Caithad, CA, USA). Unfortunately,
RNA extraction failed in all Andosol soil samplested (Wangt al., unpublished data),
although this commercial kit has been proven toaextRNA from diverse soils successfully

(Accinelli et al., 2008; Sagova-Mareckowhal., 2008). It is true that soil possesses detectable



extracellular RNase activities (Greaves & Wilso@7Q); however, recent reports suggest that
RNA could survive in the presence of extracelli&fase in soil (Franchi & Gallori, 2005;
Biondi et al., 2007). Also, almost intact bacterial rRNA couls éxtracted from an Andosol
with an extraction buffer amended with DNA (Hoshi&datsumoto, 2007). Thus, the
failure of RNA extraction from Andosols is possildgused by RNA adsorption by soil but
not RNA degradation by RNase. RNA adsorbs to sy quickly. About 50-90% of the
adsorbed RNA molecules were adsorbed to clay wahanhour (Goring & Bartholomew,
1952), and 85% of the maximum adsorption occurredlmphane (one of the major
components in Andosols) within 30 min (Taylor & ¥6h, 1979). It is known that all RNA
components (mononucleotides, nucleosides, basesppate and ribose) and nucleotides
possessing different numbers of phosphate groupbeadsorbed by soil (Goring &
Bartholomew, 1952; Cortez & Schnitzer, 1981; Ley&al., 2002). Also, all of the RNA
components could be adsorbed by allophane (HaslkiZuitheng, 2007). Although both
DNA and RNA could be adsorbed by soil (Goring & Batomew, 1952), it seems that RNA
is more difficult to extract from soil than DNA.Bt, the ribose in RNA has one more
hydroxyl group than the 2-deoxyribose in DNA. Thiglroxyl group may result in stronger
adsorption of RNA on soil than that of DNA. Secotit free extracyclic functional groups
on the bases in the single-strand structure of Rdtial base pairing may occur in some
regions of RNA molecules) could form hydrogen bowit soil surface (Robinsost al.,
2007), which may also result in stronger adsorptbRNA on soil than that of DNA. This is
supported by a previous report in which, from tAme Andosol, DNA was successfully
extracted by a skim milk amended extraction buffdrereas RNA failed to be extracted using
the same buffer (Hoshino & Matsumoto, 2007). Thenesfefforts are still required to

investigate the mechanism of RNA adsorption by Auwdie



Strategies to overcome these difficulties

Removal of humic substances

Many methods have been tested or used to remawe substances from RNA
extracted from soil, including chemical flocculatiaith Al,(SOy); under alkaline conditions
prior to cell disruption (PerSadt al., 2008), addition of cetyltrimethyl ammonium bromid
(CTAB) to the extraction buffer (Griffithet al., 2000; Birgmanuet al., 2003), precipitation
of RNA by PEG (Griffithset al., 2000; Birgmanset al., 2003), adsorption by
polyvinylpolypyrrolidone (PVPP) (Menduet al., 1998), co-precipitation with guanidine
hydrochloride (Hahmt al., 1990), and chromatography using gel filtratioro¢ishet al .,
1993; Mendurret al., 1998; Sessitsc#t al., 2002) and ion exchange (Hettal., 2001)
columns. The half-life of bacterial MRNA is veryost) ranging from no more than 30 s to
more than 20 min (Ehretsmastal., 1992), and thus, unlike DNA extraction, a prefwakep
is inappropriate for RNA extraction from soil. Rbis reason, using an extraction buffer
amended with CTAB (Griffithgt al., 2000; Birgmanset al., 2003) can be more helpful than
other methods of controlling the release of huratassances into the aqueous phase. Phenol
extraction is a common procedure to remove protieam the cell lysate. As shown in Fig.
1.1, to some extent, phenol extraction also remdnasic and fulvic acids. Precipitation of
RNA is normally required before a purification peocire to reduce the volume of the RNA
sample and to remove various salts and partial tigotistances. Although ethanol is
commonly used, isopropanol and PEG show highenvets of nucleic acids with low
contamination of humic acids (Cullen & Hirsch, 1998 most cases, one or multiple
purification procedures are required to remove lusuabstances completely. Because the
weight average molecular weight of humic and fubgtds in soil is less than 20 kDa
(Perminoveet al., 2003), which is slightly lower than typical tRNmass, most humic and
fulvic acids possess lower molecular weights tHNA and mRNA. Thus, an appropriate gel
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filtration column could be used to remove mosthaf to-extracted humic substances from an
RNA sample, such as Sephadex G-75 (Mataat., 1993; Mendunet al., 1998) and
Sepharose CL-6B (Sessitsethal., 2002). As the content of carboxyl groups in huats
increases with a decrease in molecular weight (&hah, 1999), humic acid molecules with a
high content of carboxyl groups could be removedawdficiently than other humic acid
molecules by cations of various compounds, sud¢hesetrimonium cation of CTAB
(Griffiths et al., 2000; Burgmanset al., 2003). Because the surfaces of soil humic agiels a
normally negatively charged (Ceptial., 1999), the separation of RNA from humic acids
can be performed successfully on an ion-exchanlyencg such as a silica-gel-based
membrane column (Qiagen Total Nucleic Acid purifica system) (Hurét al., 2001).
Apparently, the column purification methods (bo#h fijtration and ion-exchange columns)
are much easier to use and require much less apetahe than chemical methods, such as
co-precipitation with guanidine hydrochloride folled by phenol extraction (Hatehal .,

1990); therefore, they can be expected to be aatdrprocedure in the protocol of RNA
extraction from soil. Because there is no singlefigation method to remove co-extracted
humic substances completely (Haetyal., 1999), the appropriate combination of several

methods is required to obtain high-purity RNA.

Release of RNA from soill

It is known that RNA adsorption by clays dese=awith the increase of pH of soil
suspensions (Goring & Bartholomew, 1952; Taylor &sbh, 1979). Adsorption of RNA
componentse.g., adenine, adenosine, ribose and adenosine-5’-pats5’-AMP), showed
a similar tendency with RNA; in particular, the agstion of 5’-AMP at pH 4 and pH 6 was
about 60 times higher than at pH 8 (Hashizume &igh@007), suggesting that an extraction

buffer with a pH higher than 6 could be helpfulétease RNA from Andosols. RNA
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adsorption by allophane increased as the concemtrat sodium chloride increased when the
pH was higher than 5 (Taylor & Wilson, 1979). Dieal cationse.g., C&€" and Md"*, were
much more effective at promoting RNA adsorptiomthzono-cationsg,g., Na’ and K

(Goring & Bartholomew, 1952; Taylor & Wilson, 1979)hus, it is preferable for an
extraction buffer to possess a pH higher than tawit C&* or Mg, and with a low level of
Na"and K, to improve the recovery efficiency of RNA from dwsols. In successful
extractions of DNA from Andosols, an appropriatélitide is often required. Some additives
have been tested and shown to be helpful in asgidie release of DNA from Andosols to
recover DNA from soil (Volossioukt al., 1995; Takada-Hoshino & Matsumoto, 2004; lkeda
et al., 2008); however, only one additive, DNA, has bseown to be helpful in recovering
RNA from an Andosol (Hoshino & Matsumoto, 2007) tihat case, RT-PCR amplification of
rRNA was successful, but no functional gene waetkesherefore, it is unclear whether DNA
can be helpful in recovering RNA from Andosols fioe detection of mMRNA. Since many
molecules, such as ribose (Hashizume & Theng, 2@@8e (Cortez & Schnitzer, 1981,
Hashizume & Theng, 2007), nucleoside (Hashizumeh&n, 2007), nucleotide (Goring &
Bartholomew, 1952; Leytert al., 2002), DNA (Goring & Bartholomew, 1952) and piiote
(Goring & Bartholomew, 1952; Fusi al., 1989), could be adsorbed by sall, it is worth

investigating which material is helpful to reled&sA from Andosols.

Limitations of RNA-based techniques

Although the detection of target mMRNA can pdevmuch information about gene
function and cell response to treatments or enu@ntal conditions, there are some
limitations to the use of RNA-based techniquesstf-proteins are molecules that exert gene
functions but not mMRNA. Thus, detection of targetteins, if possible, should give us more
reliable information than the detection of targ&®NA. Second, the level of some proteins
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might not always be consistent with that of theegponding mRNA. This often happens in
Eukarya and Archaea and may also happen in soneriza@specially high GC
Gram-positive species, because of the existenteegiroteasome-dependent protein
degradation mechanism (Goldbet@l., 1995; Gilleet al., 2003). Third, enzyme proteins
usually have a range of optimal conditions to e&etivities. Although there is no difference
at the mRNA and protein levels, the activity of ymes may be different among samples
because of differences in pH or the existence w¥aors or inhibitors; therefore, precautions
should be taken when explaining the gene expreskitamnobtained from soil samples. If
possible, integrating multiple ‘omics’ analyses;luding genomics, transcriptomics,
proteomics, interactomics, metabolomics, and fluxsirfor soil microbiological study can

be a powerful and more reliable method (Singh & &tag 2006).

The constitution of the dissertation

In the current study, as a first trial, detectof bacterial gene expresson in a sterilized
soil inoculated with &hodococcusjostii RHA1L strain was conducted, which showed us the
possibility to detect bacterial gene expressiosoih (Chapter 11). However, the problem of
humic contamination in the extracted RNA samplesecto us. To inspect the efficiency of
humic removal during RNA extraction from soil, daténation of humic substances in soil
RNA samples is required. Thus, we evaluated vamoethods for measurement of humic
acids and gave out our suggestions about how tthese methods properly (Chapter III).
After that, we improved our method for RNA extractifrom soil, by which humic substances
were removed from RNA samples efficiently (Chaptér By using this new strategy, we
extracted RNA from sterilized soil inoculated wiRkeudomonas putida KT2440 for
microarray analysis of genome-wide gene expressibich validated that the RNA extracted
from soil with this new strategy was suitable facroarray analysis (Chapter V). Finally, we
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developed a universal method for RNA extractiominaarious soils by addition of
autoclaved casein into lysis buffer. This universathod allowed us to successfully detect
the transcripts of bacterial ammonia monooxygesabenit A genegmoA) in Andosols, the

most challenging soil on the Earth (Chapter VI).
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Table I.1. Commercially available kits for RNA extraction from soil

) Soil for _ - Principle of
Kit Manufacturer _ Lysis Purification -
processing purification
) _ ) _ Single spin _
E.Z.N.A. Soil RNA Kit Omega Bio-Tek (Norcross, GA, USA) 29 Bead beating | Adsorption
column
o . MP-Biomedicals (Q-Biogene)(Solon, OH, . o ] )
FastRNA Pro Soil-Direct Kit USA) 05¢g Bead beating Binding matrix Adsorption
Information not
ISOIL for RNA NIPPON GENE (Tokyo, Japan) 05¢ Bead beating Precipitation publicly
available
_ ) Information not
IT 1-2-3 Platinum PathTM Sample Idaho Technology (Salt Lake City, UT, _ ) _
o ) 05¢ Bead beating Magnetic beads  publicly
Purification kit USA) ]
available
RNA PowerSoil Total RNA Isolation . Single gravity .
] MO BIO (Carlsbad, CA, USA) 29 Bead beating Adsorption
Kit flow column
] o . . Single spin .
Soil Total RNA Purification Kit Norgen (Thorold, ON, Canada) 05¢g Bead beating | Adsorption
column
_ ) _ Multiple spin Adsorption/gel
ZR Soil/Fecal RNA MicroPrep Zymo Research (Orange, CA, USA) 0.25¢ Bead beating o
columns filtration
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Control Humic acids Fulvic acids
(Water)

Extracted
fractions

Aqueous phase

Phenol
extraction

Organic phase

(phenol) Ethanol

precipitation

Humic substances pellets

Fig. I.1. The behavior of humic and fulvic acids during phenol extraction and ethanol precipitation.
Humic and fulvic acids were prepared as previously described (139). Citrate-saturated phenol at
pH 4.3 was used for extraction, and water was used as a control to show the original color of the
phenol reagent used. The aqueous layer was transferred to a fresh tube, followed by the addition

of 0.1 volume of 3 M sodium acetate (pH 5.2) and 2 volumes of ethanol for precipitation.
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Chapter |11
A Trial to Detect Bacterial Gene Expression in a Sterilized Sail

| noculated with a Rhodococcugostii RHA1 Strain

Summary

As a first trial, we set up a new method by boration of several commercial kits.
Using this method, we extracted RNA from a stegilizrown forest soil inoculated with
Rhodococcus jostii strain RHAL, a biphenyl degrader isolated from
y-hexachlorocyclohexane-contaminated soil. Data fagarose gel electrophoresis indicated
that the extracted RNA was purified properly. Tinsv method can be applied easily in the
preparation of large amounts of RNA. Real-time regdranscription-polymerase chain
reaction (RT-PCR) experiments performed with thgMan method suggested that the
bphAa gene in this strain, which is involved in the defgtion of biphenyl, was induced in

the biphenyl amended soil.
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The ultimate purpose of my research is to dgvealuniversal method for RNA
extraction from diverse soils, which could be usadhe study of soil microbiology and
microbial ecology. As mentioned in the Introducti®&NA extraction from Andosols is rather
difficult, thus I decided to start my research wathon-Andosol soil. To ensure the soil used
for RNA extraction containing sufficient amountRINA for extraction, an autoclaved soil
inoculated with a bacterial strain could be a merial.

In this study, the soil used was a brown fosedl{ from which bacterial RNA could be
extracted without any problem. The bacteria foculation in soil is an actinomycete,
Rhodococcus jostii RHAL, which was originally isolated from
y-hexachlorocyclohexane-contaminated soil and wastifled as a biphenyl degrader (Seto
et al., 1995). The genes involved in the early stepsptidnyl degradation iRhodococcus
jostii RHAL, bphAaAbAcAd-bphC-bphB (formerly bphA1LA2A3A4-bphC-bphB), have been
identified (Masakt al., 1995). Because many papers have reported stuglyodbcoccus
jostiit RHAL cultured in liquid media, the condition talirce expression diphAa gene in
RHAZ1 is well established. Thus, a sterile soil imated with RHA1 could be used as a model
system for detection of induced gene expressioiin

As the first trial, a new method for RNA exttiao from soil was set up by combination
of several commercial kits. In this method, a bigdspin column (Aurum Total RNA Mini
Kit column) and a gel filtration column (SephadexX6@Gspin column) were included to get rid
of humic substances efficiently. The principleseparation of these two columns are quite
different from each other. The binding spin columsimilar to an ion-exchange
chromatography column, which separate moleculesdas the electric charge of molecules.
The gel filtration column separates molecules basetheir sizes. Combination of these two
types of columns can get rid of humic substanceerafficiently than using a single column.

Although both of these columns are not designedRfdA extraction from soil, and they have
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not yet been used for RNA extraction from soil oy ather researchers, the results in my
preliminary experiments suggested that these thomas work well in removing humic

substances from RNA samples.

Materials and Methods

Soil for inoculation

A field soil sample, collected from the Ehimgri&ultural Experiment Station in Ehime,
Japan, was sieved (2 mm mesh) and sterilized ckaving (1 h at 121°C, twice). After the
sterilized soil was cooled, its water content wasasured and adjusted to 60% of the

maximum water-holding capacity. The propertieshis field soil are shown in Table 11.1.

Bacterial strain and culture conditions

Rhodococcus jostii RHAL was grown in 1/5 LB (2 g bactotryptone, legast extract, 1 g
NacCl per liter) at 28°C. One ml of the culture veasitrifuged to collect cells. After it was
washed twice with 10 mM NBIPOy/NaH,PO, buffer (pH 6.8), the cell suspension was
diluted by 10, 100, and 1,000 fold. The soil cudsimoculated with 201, and 16 fold
dilutions of the bacterial suspension were desgph&til 1, Dil 2, and Dil 3 respectively. At 0
day, the cell densities of Dil 1, Dil 2, and DibBproximately corresponded t0®10C, and
10" CFU/g soil respectively. For RNA extraction, 0.5afthe diluted bacteria suspension
was dispensed to 4.5 g of sterilized soil in 50ubkes, in which 10 mg of biphenyl was added
where required. For colony counting, 0.3 ml of tllated bacteria suspension was dispensed
to 2.7 g of sterilized soil in 50-ml tubes, in wini6 mg of biphenyl was added where required.
The soil culture of the bacteria was incubated08C3or a proper period, for example, 24 h,
48 h, or 72 h. Then RNA extraction and colony coytvas done. The colony forming units

of bacteria inoculated in sterilized soil were deti@ed by the diluted plating method.
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RNA isolation from soil

The protocol for RNA isolation from soil was asléots:

(i) Extraction. Ten grams of glass beads (diam®.2 mm) (BioMedical Science,
Tokyo) and one zirconia-silica ball (diameter, 1Bp{BioMedical Science) were added into
each of the 50-ml tubes containing 5 g of soil emodulated bacteria. After 9 ml of
NaHPOy/NaH,PO, buffer (300 mM, pH 8), 0.5 ml of 20% SDS solutiamd 0.5 ml of
guanidine solution (4 M guanidine isothiocyana@niM Tris-HCI, pH7.0, 1 mM EDTA, and
freshly prepared 0.5% 2-mercaptoethanol) (l¢ud., 2001) were added into the tubes, the
tubes were set into a ShakeMaster Auto machineM&dtical Science) for 15-min of shaking
to break the cells. Then samples were subjectedritifugation at 10,000 rpm for 15 min at
room temperature. The supernatant was extractee tmith phenol and precipitated with
ethanol at room temperature. After co-precipitaiiédike humic substances were removed
carefully, the nucleic acid pellet was air-dried 1® min in a clean bench and dissolved in
100 ul of DEPC-treated water.

(ii) Purification with an Aurum Total RNA MirKit. The extracted nucleic acid was
subjected to an Aurum Total RNA Mini Kit column (BRad Laboratories, Hercules, CA) to
remove co-precipitated brownish humic substancd<aA, according to the
manufacturer’s instructions.

(iii) Purification with a Sephadex G-50 spirfwon. The RNA purified at step (ii) was
applied to an RNase-free Sephadex G-50 quick spimm (Roche Applied Science,
Indianapolis, IN) to remove humic substances, atingrto the manufacturer’s instructions.

(iv) Removal of DNA with a TURBO DNA-free kil.he RNA purified at step (iii) was
treated with a TURBO DNA-free kit (Ambion, AustinX) to remove DNA completely,

according to the manufacturer’s instructions.

19



Gel electrophoresis of RNA

Two hundred nanograms of Novagen Perfect RNA Mark@2-10 kb) (Merck KGaA,
Darmstadt, Germany) together with (i0of purified RNA sample was electrophoresed in
each of the lanes of 1% agarose gels, and imagbe &YBR Gold (Molecular Probes,

Eugene, OR) stained gels were captured with a FAgel scanner (Toyobo, Osaka, Japan).

Real-time quantitative RT-PCR

One-step real-time RT-PCR was performed to examgpeme expression levels using
TagMan One-Step RT-PCR Master Mix Reagents (Apiiedystems, Foster City, CA). For
thebphAa (formerlybphAl) gene, the forward primer was
5-GGCACGATCAGCTACGTCTACA-3, the reverse primer w/a
5-TCCGGACCCATTGCGTAT-3’, and the TagMan probe was
5-AAGAAGCGGCGCGTGGGCT -3'. For the probe, 6FAM wased as a 5’-reporter, and
TAMRA (6-carboxytetramethylrhodamine) was used gsiencher. The concentration of
RNA samples was adjusted to 10giith DEPC-treated water, andu of the RNA
solution was used as a template in gilb@elume of one-step RT-PCR reaction mixture.
TagMan quantitative RT-PCR was performed in the RBsm 7000 Sequence Detection
System (Applied Biosystems). The reaction condgiomre as follows: 30 min at 48°C for
reverse transcription, 10 min at 95°C for activatid DNA polymerase, and 40 cycles of 15 s
at 95°C and 1 min at 60°C. Standards for the assays prepared with PCR amplicons from
Rhodococcus jostii RHAL1 genomic DNA with the forward and reverse pimset described
above. A standard curve was constructed by compé#nm copy numbers of 10-fold dilutions

of the standard to their respective threshold cycle
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Determination of humic acid
The level of humic acid in the extracted RNAsveketermined at 320 nm using a
NanoDrop® ND-1000 UV-Vis Spectrophotometer (Nangbi@chnologies, Wilmington,

DE), following a previous report (Miller, 2001).

Results and Discussion

Growth of Rhodococcusjostii RHAL in soil

During the several days immediately after ination, Rhodococcus jostii RHAL
increased its population in the soil without théitidn of any carbon source, and maintained
its population for about one month (Fig. Il.1).dn attempt to determine at which growth
stage oRhodococcus jostii RHAL we could extract large amounts of RNA, thié @atures
inoculated with the cell suspensions (Dil 1, DieRd Dil 3, as described in “Materials and
Methods”) were prepared in the presence and thenabsof biphenyl (biphenyl(+) or
biphenyl(-)) and incubated for different periods® the data in Fig. 1.1 suggested that the
exponential phase of bacteria growth in soil lasted. or 2 d, we focused on the first 3 d of
soil incubation in this experiment. As shown in.Rig2, among the soil cultures of bacteria in
the presence of biphenyl (Fig. 11.2A), even onttied day, all cultures with different
inoculation sizes showed a tendency for the pojmuidd increase, suggesting that the
samples on the third day were still in the expoiaphase. On the other hand, among the soil
cultures of bacteria in the absence of bipheny.(Fi2B), on the second day, the cultures
showed the highest bacteria population, even ituDil 3, which possessed the lowest
inoculation size (1DCFU/g soil), and the population did not increasete third day,
indicating that the cultures on the first day wieréhe exponential phase. The reason that the
highest population level reached by the three sestof biphenyl(-) were similar might be the

maximum cell density of strain RHAL that can beieedd in this soil with its original growth
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substrates. This is in accordance with the fadttti@highest population reached by the three
sections of biphenyl(-) were lower than those efbiphenyl(+) sections.

In contrast with the biphenyl(-) cultures, trewth of the biphenyl(+) cultures was
inhibited on the first day. This growth inhibitiam biphenyl(+) cultures might have resulted
from presence of biphenyl, although further evideiscrequired. On the third day, the
population of biphenyl(+) cultures became highamntthat of the corresponding biphenyl(-)
cultures (Fig. 11.2A and B). This might be explainas follows: after the genes related to the
biphenyl degradation pathway were induced by bighdmphenyl was degraded and the
metabolite served as a carbon resource that pranioéegrowth oRhodococcus jostii

RHAL.

RNA isolation from soll

In the present study, the guanidine isothioay@t$DS/phosphate buffer system was used
to prepare cell lysate, and then nucleic acid weasusted from the protein and a portion of
brownish organic substances by extraction with phé&ahigh concentration of phosphate
buffer (300 mM) was utilized in the lysis buffer 8@t the bacteria could be dissociated from
the soil particles easily, and so that after gadid, binding between released RNA molecules
and solil particles could be suppressed. To avoipreoipitation of salt caused by the high
concentration of phosphate in the lysis buffer,pggormed ethanol precipitation at room
temperature instead of a lower temperature.

After ethanol precipitation, the extracted michcid solution showed a brown color,
suggesting the presence of humic substances. Thes@ous problem in soil RNA
extraction is the contamination of humic substanbesause RNA isolation from soil results
in co-extraction of humic substances. It has beeonted that humic substances interfere with

many enzyme reactions (Tebbe & Vahjen, 1993), mueleid detection and measurement
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(Bachooret al., 2001; Zippekt al., 2003), and RNA hybridization (Alret al., 2000). To
remove humic substances, affinity/ion-exchange spinmns and gel filtration columns have
been used by some researchers (Metah, 1993; Mendunet al., 1998; Hurtet al., 2001;
Han & Semrau, 2004; Lui al., 2005; Lakayet al., 2007). In an alternative method, humic
substances were removed by precipitation with 7 jpothssium acetate from nucleic acid
extract (Miskinet al., 1999). Since commercially available RNase-frdaroos are safe and
convenient, we prefer to use such columns for watibn of RNA. Based on our preliminary
experiments, a Bio-Rad Aurum Total RNA Mini Kit cohn (Bio-Rad Laboratories) and a
Sephadex G-50 quick spin column (Roche Appliedr®agwere selected for purification of
RNA. The nucleic acid extract precipitated withastbl was subjected to the Aurum column
to remove humic substances. Most of the DNA was mmoved at this step by on-column
DNase digestion. Since the eluted RNA solution ftbmAurum column still showed a
yellowish color, RNase-free Sephadex G-50 quick spiumns were used to remove the
remaining humic substances. According to our nea¢tPCR data, such purified RNA
samples contain trace amounts of DNA (data not siioMence we treated the RNA sample
with an Ambion Turbo DNA-free kit to ensure that@NA was removed.

The quality of the finally purified RNA samplesas examined by agarose gel
electrophoresis, as shown in Fig. 11.3. Most sasgleowed three bands. Two of them might
have been 23S rRNA and 16S rRNA according to theilecular sizes, and the third one at
the higher position of the gel might have contaiR&A molecules with special secondary
structures, since RNase-free DNase digestion didemsove this band, but denaturation of
the RNA sample at 70°C before it was loaded ordgetemove this band (data not shown).
In all of our samples, 5S RNA was not visible doghte utilization of affinity spin columns in
the Bio-Rad Aurum Total RNA Mini Kit, which was fad to have low efficiency in

recovering small RNA in our preliminary experimeintall the samples, there was no smear

23



immediately under the 16S rRNA band, suggestingetivas no detectable degradation in any
of the RNA samples.

In all groups, we detected no RNA signal insheples incubated for O d, that is to say,
soil RNA extraction was performed immediately aftexculation. In all of the other samples,
the signal intensity of RNA on the gel was consisteith the corresponding bacteria
population (Figs. 112 and 113).

One of the advantages of this new method isitlean easily be applied to extract large
amounts of RNA. This is especially attractive fdcroarray analysis. The ShakeMaster Auto
device (BioMedical Science) holds up to ten 50-uheis for shaking at one time. Normally,
we were able to finish RNA extraction and purifioatfrom the ten 50-ml tubes (5g soil/tube)
within one day.

To test the large scale application of thishudtto gene expression analysis, we chose
different soil samples where cells grew abundanttiy or without substrate addition. Since
the day-3 sample of biphenyl(+)-Dil 1 showed thghleist bacteria population and the
strongest fluorescent signal on agarose gel (FRA bnd 11.3A), this sample was used as the
biphenyl(+) soil sample for RNA extraction. Simliarsince the day-1 sample of
biphenyl(-)-Dil 1 showed the highest bacteria patioh and the strongest fluorescent signal
on agarose gel among the three samples on dag.ll(EB and I1.3B), this sample was used
as the biphenyl(-) soil sample for RNA extraction.

For Fig. 11.3, from 5 g soil sample in one 50tabe, about 21.g and 0.2 to 0.3g of
RNA were extracted from the biphenyl(+) soil samguhel the biphenyl(-) soil sample
respectively. For large-scale application of thitinod, we extracted RNA within one day
from four tubes containing a total of 20 g of thehenyl(+) soil sample, or six tubes
containing a total of 30 g of the biphenyl(-) ssaimple. Finally, we obtained 8ify RNA

from the day-3 soil of biphenyl(+)-Dil 1 and 1ug RNA from the day-1 soil of

24



biphenyl(-)-Dil 1. We detected almost the same llefdphA expression by RT-PCR in both
the small-scale and the large-scale preparati®N# (data not shown). This suggests that

RNA extraction from soil with this method could $&ale-up to fit for various demands.

Expression of the biphenyl degradation gerggphAa

We performed one-step real-time RT-PCR by #egVlan method using all 24 RNA
samples shown in Fig. 1.3 to examine the expressia biphenyl degradation gerphAa.
Real-time RT-PCR was also performed to examinexpeession of the 16S rRNA gene, but
the expression of 16S rRNA varied during cell gioveuggesting that it cannot be used to
normalize the expression of other genes. Simikulte have been reported by other
researchers, who reported fluctuating expressiogldeof several housekeeping genes,
including 16S rRNA, during cell growth (Vandecastest al., 2001). Hence normalization
was done against the amount of total RNA. The tiesd-RT-PCR data are summarized in Fig.
I1.4. Only the expression data for biphenyl(+) audts are shown, since the expression of
bphAa in biphenyl(-) cultures was close to the backgrbun

For all biphenyl(+) cultures, expressionbphAa increased during the time course.
Interestingly, though the samples of all biphenyfi{ttltures 2 d after inoculation showed very
similar population sizes and amounts of total RIR& (11.2A and 11.3A), the expression
levels ofbphAa were significantly different. That is, the daydhsple of biphenyl(+)-Dil 1
showed a dramatic increase in the expression thgdhAa as compared to the day-1 sample,
while the day-2 sample of biphenyl(+)-Dil 3 showaedalmost undetectable expression level
(Fig. 11.4). This may have resulted from the diffet status of the nutrition consumption of
cells in different soil cultures. It is apparerdtithe soil contained a certain amount of
compounds that can be used as growth substragtsaof RHAL, considering that strain

RHA1 grew even without the addition of biphenykhe soil. Although the identity of the
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substances is not known, the existence of a casbaitrogen source in the soil is evident in
the data for total carbon and total nitrogen (Tdblg. In biphenyl(+)-Dil 1, since the initial

cell density was high, the cells used up carbonea@itgy sources in the soil earlier than those
in biphenyl(+)-Dil 3, in which the initial cell deity is low (1/100 of Dil 1). The cells in
biphenyl(+)-Dil 3 utilized carbon and energy sowraethe soil for a longer time than those in
biphenyl(+)-Dil 1 or biphenyl(+)-Dil 2 before reaaly a high density. Accordingly, in the

cells of biphenyl(+)-Dil 3, the biphenyl degradatipathway was switched on later than in the
cells of biphenyl(+)-Dil 1 or biphenyl(+)-Dil 2. Ishort, although further study is required, it
is possible to speculate that induction of the éipt degradation gerighAa by biphenyl in

the soil is dependent on the status of nutritiothefcells.

Comparison with commercial kits

To determine whether the new method we preddrges was successful, we compared it
with two commercial soil RNA extraction kits. RNAaw extracted frorRhodococcus jostii
RHA1 incubated with sterilized soil with these tammmercial kits and by the new method.
On agarose gel, we detected a clear RNA sign&élarRINA extracted with kit B and by the
new method, but there was almost no RNA signahat éxtracted with kit A (Fig. 1.5, upper
panel). On the other hand, the co-extracted huabstances (humic acid was determined to
represent the humic substances) had the highestifethe RNA extracted with kit A and a
much lower level in that extracted with kit B angithe new method (Fig. 1.5, lower panel).
Compared with kit B, the new method extracted RN#a lower level of humic substances
(close to the background) and no detectable DNggssting that the new method is a good

candidate to extract RNA from soil.
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Fig. Il.1. The Viability of Rhodococcus jostii RHA1 in Soil for a Long Period of Time.
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Fig. I.2. The Growth of Rhodococcus jostii RHA1 in Soil Amended with Biphenyl (A) or

Not Amended with Biphenyl (B). CFU, colony forming unit.
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Fig. I.3. Agarose Gel Electrophoresis of RNA Samples Prepared from Soil
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Fig. 11.4. Expression of bphAa in Rhodococcus jostii RHA1 Inoculated in

Biphenyl Amended Soil.
Triplicate Experiments were performed. The gene expression profiles among the

experiments were quite similar to each other.
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Fig. I.5. Comparison of Different Methods to Extract RNA from Soil.
RNA extracted from 0.5 g of soil was loaded in each lane. Triplicate samples were

processed for each method. The white arrowhead indicates a DNA band in the RNA

extracted with kit B.
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Chapter |11
Evaluation of M ethods Deter mining Humic Acids

in Soil RNA Samples

Summary

It has been known that even small amounts ofibgubstances may affect the detection
of gene expression. However, we did not know howmwmic substances remained in soll
RNA samples. To select a proper method for measemeof humic substances, we compared
the sensitivity of various methods for measurenaéhiimic acids, and influences of DNA,
RNA and proteins on the measurement. Data sugtiegtboth ultraviolet/visible
spectroscopic and fluorescence spectroscopic metredreliable to determine the quantity
of humic substances in RNA samples. Consideringdhbelts, we also give suggestions as to

choice of methods for measurement of humic aciasatecular biological analyses.
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We described a method to extract high qualtyARrom bacteria in soil and
subsequently detected functional gene expressmRTHAPCR (Chapter II). However, when
the extracted RNA was concentrated, a slightlyoyeltolor appeared, indicating the presence
of humic acids. It has been known that humic a@dsjch organic constituents of soil, often
appear as impurities in the nucleic acids (DNA dIAR extracted from soil. In order to
evaluate the quality of the extracted DNA/RNA, gavenethods for determining
concentrations of co-extracted humic acids werelbped. These methods were divided into
three types, as follows: visual colorimetry (thigdy), visible and ultraviolet spectroscopy
(Torsvik, 1980; Miller, 2001; Howeleat al., 2003; Sagova-Mareckowal., 2008), and
fluorescence spectroscopy (Kusel., 1998; Howelekgt al., 2003), but information on
important features of most of the methods, sudtetection limit, linear range, and disturbing
substances, is not available. Thus, it is uncledeuwhat conditions these methods are
suitable to determine the level of co-extracted ifowewids in nucleic acids extracted from soil.
In this study, we compared the sensitivity of thetimods to each other for measurement of
humic acids using a commercial humic acid derivedhfsoil, and the threshold
concentrations of the nucleic acids and proteineqdes affecting the measurement of humic
acids by the various methods. Considering the tesbltained, we give suggestions as to the

conditions under which these methods should be.used

Materials and Methods
Measurement of humic acids

Spectrophotometric measurements of humic aeats performed using a NanoDrop
ND-1000 UV-Vis Spectrophotometer (NanoDrop Techgae, Wilmington, DE) at a
wavelength of 320 nm, which has been verified psoper wavelength for measurement of

humic acids (Miller, 2001). Fluorescence measuraémehhumic acids were performed with
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a microcell using an F-2500 Fluorescence Spectitopieter (Hitachi, Tokyo, Japan) at 25°C.
The slit width for excitation and emission wavelgrsggwas 10 nm.

A commercial humic acid (Nacalai Tesque, Kyptojginating in soil, was dissolved in
0.1 M NaOH. After brief centrifugation to removedissolved materials, the humic acid
solution was diluted serially with Milli-Q water (iMpore, Billerica, MA). The spectroscopic
characteristics of the commercial humic acid amshin Fig. I1l.1A and B, and suggest that
it possesses typical spectroscopic characterigtrdsumic acids extracted from soil. The
detection limit of the visual colorimetry method ssdetermined by comparing a set of serial
diluted humic acid solutions with water (Fig. [IC). To determine the linear range of each
spectroscopic method, serially diluted humic aciditsons in triplicate (from 0.1 ngL to 1
ug/uL for visible and ultraviolet spectroscopy, andnfr@.01 ngiL to 20 ngfL for
fluorescence spectroscopy) were determined by e@thod. The linearity of the data was
tested by squared correlatior’{Rn Microsoft Excel. Disturbance of DNA, RNA, and
protein was measured by comparing the fluorescenersities of DNA, RNA, BSA (bovine
serum albumin) or skim milk at different concentvas with those of the humic acids. The
concentration of DNA, RNA, BSA or skim milk corresuding to the signal intensity lower
than the lower limit of the linear range of humaids detection was considered to represent

no effect on the determination of humic acids.

Real-time PCR and real-time RT-PCR

Genomic DNA and total RNA were extracted frdrmaPseudomonas putida KT2440
strain with a Puregene DNA Purification Kit (Gentkinneapolis, MN) and an RNeasy Mini
Kit (Qiagen, Valencia, CA) respectively. The genomNA or total RNA was mixed with
different amounts of the commercial humic acid ptoreal-time PCR or real-time RT-PCR

reactions. The abundance of the genomic DNA and BiNtAe 16S rRNA gene iR putida
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KT2440 was examined by real-time PCR or real-timiePRR with a TagMan One-Step
RT-PCR Master Mix Reagents Kit (Applied Biosysteirgster City, CA). The forward
primer was 5-TGGAGCATGTGGTTTAATTCGA-3’, the revexprimer was
5-CCATCTCTGGAAAGTTCTCTGCA-3 and the TagMan proleas
5-CAACGCGAAGAACCTTACCAGGCCTT-3', which utilized 6&M
(6-carboxyfluorescein) as a 5’-reporter and TAMRAc@rboxytetramethylrhodamine) as a
guencher. All primers and probes were designedsgnthesized by Biosearch Technologies
Japan (Tokyo, Japan). The final concentration ohgaimer or probe in the PCR reaction
mixture was 200 nM. The parameters for a thermaeyekere: 30 min at 48°C for reverse
transcription (this step was omitted for DNA sanspld.0 min at 95°C for activation of DNA

polymerase, and 40 cycles of 15 s at 95°C and lat®°C.

Results and Discussion

Comparison of methods of determining humic acids

Among all of the methods examined in this stuldg visual colorimetry method was the
easiest to use, and was not affected by DNA, RNAyrotein, but it was less sensitive to
humic acids than the others (Fig. 11l.1C and Tdhl&). In addition, this method determined a
rough quantity rather than a precise quantity ahizuacids. Thus, it is useful only when high
levels of humic acids must be determined rouglallyekample, in evaluation of it in an early
step of DNA/RNA extraction from saoil.

All of the visible and ultraviolet spectroscopic timeds showed similar sensitivity to
humic acids and similar linear ranges of detecfiable 111.1). These methods were not
affected by DNA or RNA, and were affected by protenly when the concentration of
protein was very high. Since such a high concepotraif protein normally does not present

after phenol extraction followed by spin columnification during DNA/RNA extraction,
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even if an extraction buffer containing skim mikused, as reported previously
(Takada-Hoshino & Matsumoto, 2004; Hoshino & Matstm) 2007), disturbance of protein
is negligible in the determination of humic acidsng visible or ultraviolet spectroscopic
methods (data not shown).

The two fluorescence spectroscopic methods shomeetighest sensitivity to humic
acids among all of the methods we examined (Tdblg.IA previous report concluded that
10 ngliL of DNA or 2 ug/uL of BSA did not affect the determination of hunaicids at a high
concentration (50 ngL) (Howeleret al., 2003). Since a high concentration of humic acids
can easily be determined by visible and ultraviefetctroscopic methods, we tested
disturbance of DNA, RNA, and protein on the deteration of low-level humic acids, and
found that DNA, RNA, and protein do affect the detmation (Table I1.1). This suggests
that proper dilution of samples might be requirea@avoid disturbance by DNA, RNA, or

protein when fluorescence spectroscopy is used.

Application of these methods to soil biological easch

To determine under what conditions the aforemeetiomethods are suitable to measure
co-extracted humic acids in the extracted nucleidsa we collected information from papers
published previously. In experiments not sensitovBumic acids, such as DNase | or RNase
digestion, transformation and nucleic acid hyb@adian, in which humic acids at lower than
100 ng{iL do not have a strong effect on experiments (Tébbahjen, 1993; Almet al.,
2000), even the visual colorimetry method is sigfit. However, in experiments sensitive to
humic acids, such as restriction enzyme digestrowhich several ng petL of humic acids
inhibit enzyme activity significantly (Tebbe & Vadm), 1993), fluorescence spectroscopy
might be more helpful to measure low-level humidsgrecisely if disturbance by DNA can

be avoided. For PCR or real-time RT-PCR, howewere were no clear data showing the
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effects of humic acids on these reactions. Hencewatiated the effects of humic acids on
them (Fig. I1.2). Although we found information dme effects of humic acids on PCR (Tsai
& Olson, 1992a; Tebbe & Vahjen, 1993), the lowestl of humic acids that affected PCR
significantly was ambiguous because the valuekanwo reports were different from each
other. To clarify this ambiguity, we conducted réale PCR by the addition of different
guantities of humic acids to the reaction mixtufesshown in Fig. Ill.2A, determination of
abundance of genomic DNA was significantly affeddgchumic acids at a level ef10

ng/uL, which was consistent with one of the reportsa{® Olson, 1992a), suggesting that
this value is reliable. Since we did not find anformation on the effects of humic acids on
RT-PCR, one of the popular techniques in moleduilaiogy laboratories, we conducted
real-time RT-PCR. As shown in Fig. 1ll.2B, determilon of abundance of RNA was affected
by humic acids at a level ef5 ngfiL. This suggests that RT-PCR is more sensitiveutaib
acids than PCR, probably because disturbance ofcharids occurred in two reactions, both
the reverse transcription and the PCR. Since ttieade of Aes, As20, Asao, and Assp detected
humic acids at levels as low as 5ydg/all of the visual and ultraviolet spectroscopiethods
were sufficient to evaluate the quality of soil DIMAd RNA for routine PCR or RT-PCR

analysis.
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Table lll.1. Comparison of the methods for determining humic acids

Linear Disturbance®
Detection Linearity
Methods o range 5 RNA DNA Protein’ References
limit (ng/ul) (RY)
(ng/pl) (ng/ul) (ng/ul) (ng/ul)
Visual No _
] 25 — — No effect  No effect This study
colorimetry effect
Sagova-Mareckova,
A465 — 5-500 0.9996 No effect No effect >1 000
et al., 2008
A320 — 5-200 0.9993 No effect No effect > 500 Miller, 2001
A340 — 5-500 0.9998 No effect No effect >1000 Howeler, et al., 2003
A350 — 5-500 0.9997 No effect No effect >1000 Torsvik, 1980
)\excitation/ )\emission
276/445 — 0.05-5 0.9997 > 50 > 20 > 5 This study
Kuske, et al., 1998;
471/529 — 0.05-20 0.9995 > 100 > 10 > 50

Howeler, et al., 2003

®The disturbance molecules affect determination of humic acids only when their concentrations are

higher than the thresholds presented here.

®The disturbance of protein was examined using BSA (bovine serum albumin) or skimmed milk.
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of Serial Diluted Solution (C) of a Commercial Humic Acid.
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Fig. lll.2. Inhibitory Effects of Humic Acids on Real-Time PCR (A) and Real-Time RT-PCR (B).
Two pL of DNA or RNA was used in each 50-uL reaction mixture, and triplicate samples were

examined. Error bars indicate standard derivations.
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Chapter |V
Optimization of the Conditionsto Remove Humic Substances

from Soil RNA Samples

Summary

In an attempt to remove humic substances frédA Bxtracted from soil, our previous
method for soil RNA extraction was improved by agtiation of lysis conditions and
purification columns. Fluorescence spectroscopyicuad efficient removal of both humic
and fulvic acids by the improved method. The sernitof detection by real-time RT-PCR
increased 10-fold compared with that using the iptessmethod. Using this method, we
extracted RNA from a sterilized field soil, whiclagvinoculated witlfPseudomonas putida
KT2440 transformed with a chloroaromatic degragifesmid, in the presence or absence of
3-chlorobenzoate (3CB). Real-time RT-PCR perform&idg the extracted RNA as a template
confirmed the induction of chloroaromatic degradiyemes in 3CB-amended soil. Thus, this

improved method is suitable for the extraction diAo detect gene expression in soil.
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As described in the Chapter lll, even small ams of humic acids may affect PCR and
RT-PCR reactions. To acquire reliable informatidiacterial gene expression in soil, we
optimized the previous method so that humic acolgdcbe removed more efficiently.

Using the improved method, RNA was extractedifia soil sample which was sterilized
and then inoculated withRseudomonas putida KT2440 strain containing a plasmid (pSL1)
(Liu et al., 2001) encoding chloroaromatic degradative enzygsitida KT2440 is a
frequently studied bacterium isolated from soilhngatabolism of various aromatic
compounds (Jiméneat al., 2002; Revat al., 2006; Yustest al., 2006;del Castillo& Ramos
2007). It is the first Gram-negative soil bacteritorbe certified as a biologically safe strain
by the Recombinant DNA Advisory Committee (Nelsbal., 2002). The strain has been
used as a host in the development and utilizati@enetic tools for studying the functions of
a variety of bacteria (Bagdasarietral., 1981; Panket al., 1998; Henningt al., 2006;
Miyakoshiet al., 2007), and also has been used for behavioralkstod microorganisms in
the environment (Wang al., 2004; Udest al., 2006; Dechesnet al., 2008; Shintanét al .,
2008). This strain is a useful model for developimegthods to extract RNA from soil. The
genome of the strain has been sequenced (Nelsbn 2002), allowing detection of
individual genes. In this study, improvement of R¥A extraction method was verified by
the determination of remaining humic substanceshbgritie detection of gene expression by

real-time RT-PCR using catabolic genes locatecherchromosome and on the plasmid pSL1.

Materials and methods

Soil for RNA extraction
A field soil sample, a brown forest soil, calied at the Ehime Agricultural Experiment
Station in Japan, was sieved (2 mm mesh) andigeetiby autoclaving (1 h at 121°C, twice).

After the sterilized soil had cooled to ambient pemature, its water content was measured
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and adjusted to 60% of the maximum water-holdingacay. The properties of this field soil
have been described in the Chapter II. A subsaofilas soil without sterilization by

autoclaving was used for RNA extraction from raw.so

Bacteria culture conditions

Pseudomonas putida KT2440 (Bagdasariaét al., 1981) carrying the plasmid pSL1
conferring the ability to degrade chlorocatechatsag on 3-chlorobenzoate (Lat al., 2001).
The strain was grown overnight in LB medium witm&enycin (50 ug mf) at 28°C. One ml
of this liquid culture (Olgno = 1.2) was centrifuged to collect cells. After Wiag twice with
buffer (10 mM NaHPQOW/NaH,PO, (pH 6.8)), cells were resuspended and dilutedoldih
the same buffer. For RNA extraction, the dilutedtbaa suspension (0.5 ml) was mixed with
4.5 g sterilized soil in 50-ml tubes, to which Jezbbenzoate (3CB) was added at a final
concentration of 250 ppm in the case of 3CB+ sasle ensure a homogeneous distribution
of 3CB in the soil, 3CB was first mixed with Cefitpowder (Wako, Osaka, Japan) as
previously described (Morimots al., 2005). The soil culture of bacteria was incubated
30°C for 24 h (3CB- samples) or 48 h (3CB+ sames) to RNA extraction and colony
counting. The number of bacteria inoculated inilsted soil was determined by the dilution
plating method, as described in the Chapter lallexperiments, duplicate inoculations were

prepared as a minimum.

RNA isolation from soll

The protocol for RNA isolation from soil is e@son that described in the Chapter Il
with the following modifications.

(i) Extraction: RNA extraction from soil wasm®as described in the Chapter II. To

optimize the pH of the lysis buffer, lysis buffevéh different pH values (pH 6.6, pH 7, pH
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7.6 and pH 8) were used. The metal chamber in hlageSViaster Auto machine (BioMedical
Science, Tokyo, Japan) which held the tubes fokislgaat the default speed, was incubated at
14°C or 28°C overnight.

(i) Purification with Aurum Total RNA Mini Kit The extracted nucleic acid was purified
with an Aurum Total RNA Mini Kit (Bio-Rad, Hercule€A) as described in the Chapter Il.

(iii) Purification with gel filtration columnsA Sephadex G-50 spin column (Roche,
Indianapolis, IN) and a MicroSpin S-400 HR spinuwtoh (GE Healthcare, Little Chalfont,
UK) were used to remove humic substances from th& fRactions acquired at step (ii)
according to the manufacturer’s instructions.

(iv) Removal of DNA with the TURBO DNA-free ki€Co-extracted DNA was digested
with TURBO DNA-free DNase (Ambion, Austin, TX).

(v) Desalting and Concentration: The RNA pexfiat step (iv) was applied to an RNA
Clean-Up Kit-5 (Zymo Research, Orange, CA) or areB$y Mini Kit (QIAGEN, Valencia,
CA) according to the manufacturer’s instructions.

RNA extraction from the raw brown forest sodswerformed under the optimized

conditions.

Extraction methods for comparison

RNA extraction from the raw brown forest soitmthe PowerSoil Total RNA Isolation
Kit (MO BIO, Carlsbad, CA, USA) and a recently rej@al method (PerSadt al., 2008) were
performed according to the manufacturer’s instarior following the original report
(PerSolet al., 2008). In the method of PerSoh et al. (2008) ogpteénal volume of 0.2 M

Al>(SOy)3 was 300 pl so that this volume was applied inctimeent study.
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Gel electrophoresis of RNA

The Novagen Perfect RNA Markers (0.2-10 kb) (dkeKGaA, Darmstadt, Germany)
together with the purified RNA were resolved on agarose gels, and images of gels stained
with SYBR Gold (Molecular Probes, Eugene, OR) weaptured with an FAS-III gel scanner
(Toyobo, Osaka, Japan). The size of the bandsiRNMA marker was as follows: 200, 500,

1000, 1500, 2000, 3000, 4000, 6000, 10000 nuclestid

UV spectroscopy for humic acids determination
To determine the absorbance of humic acidslignot (2ul) of RNA extracted from the
soil was loaded on a NanoDrop® ND-1000 UV-Vis Spauitotometer (NanoDrop

Technologies, Wilmington, DE) at a wavelength o® 3in.

Extraction of humic substances
Sterilized field soil (2 g) was processed tegare humic acids and fulvic acids fractions

as previously described (Hiradateal ., 2006).

Fluorescence spectroscopy for humic substance dateation

Fluorescence measurements were performed waticracell using an F-2500
Fluorescence Spectrophotometer (Hitachi, Tokyocadppt 25°C. The slit width for excitation
and emission wavelengths was 10 nm.

(i) Method 1 (Using a mixture of humic and fehacids as a standard): The humic acid
and fulvic acid fractions prepared from the fietul svere adjusted to equal volumes. Then,
equal volumes of each fraction were combined ttdyaemixture of humic substances, which
was diluted serially to serve as a standard. Saswgiléhe extracted humic acids, fulvic acids,

and lysate were diluted with DEPC-treated watéwliited samples had a pH of 6. Based on
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our preliminary experiments, the samples were edaitt a wavelength of 332 nm, and the
fluorescence intensity was measured at 445 nm.

(i) Method 2 (Using a commercial humic acidaastandard): The commercial humic
acid (nacalai tesque, Kyoto, Japan) was dissolwédli M NaOH. After a brief centrifugation
to remove undissolved materials, the humic acidtani was diluted serially with Milli Q
water to serve as a standard. The samples were@@atia wavelength of 276 nm, and the

fluorescence intensity was measured at 445 nm.

Real-time quantitative RT-PCR

One-step real-time RT-PCR was performed to @xamene expression levels using
TagMan One-Step RT-PCR Master Mix Reagents (Ap@iedystems, Foster City, CA). For
thebenA gene (PP_3161), the forward primer was
5-GAAGAAGTCTTCGTACTGGCGAATA-3, the reverse primavas
5-GTGAACAAGACCGAAATCACCAT-3 and the TagMan probeas
5-ACGAGCATCGGCGCTCTCGC-3'. For th#dC gene (Liuet al., 2001), the forward
primer was 5-AACTCAGGGTCGGTCGTGAT-3', the revergemer was
5-ATCGTTGGGAATCTGATATGCA-3 and the TagMan probeaw
5-CAGTTTAGCGTGCAAACGACGATGCC-3'. For the 16S rRNgene (PP_16SA), the
forward primer was 5’-TGGAGCATGTGGTTTAATTCGA-3', threverse primer was
5-CCATCTCTGGAAAGTTCTCTGCA-3 and the TagMan prolaas
5-CAACGCGAAGAACCTTACCAGGCCTT-3.. For all probes,F&AM
(6-carboxyfluorescein) was used as a 5’-reportdri&MRA
(6-carboxytetramethylrhodamine) was used as a dneenll primers and probes were
designed and synthesized by Biosearch Technoldgigsn (Tokyo, Japan). The final

concentration of each primer or probe in the PGRtren mixture was 200 nM. The
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concentration of RNA samples was adjusted to 10lHgwith DEPC-treated water, andiP
of the RNA solution was used as a template in al3@lume of the one-step RT-PCR
reaction mixture. Real-time quantitative RT-PCR ywagormed in the ABI Prism 7000
Sequence Detection System (Applied Biosystems).réaetion conditions were: 30 min at
48°C for reverse transcription, 10 min at 95°Cdotivation of DNA polymerase, and 40
cycles of 15 s at 95°C and 1 min at 60°C. All rems were performed in triplicate, and the
data were normalized using the real-time RT-PCRaifpr the 16S rRNA as follows:
Targetcs- = Targetce+ X (16S rRNAcg-/ 16S rRNAcg:). Standards for the assays were
prepared with PCR amplicons from total DNARseudomonas putida KT2440 with the
forward and reverse primer sets described abogéardard curve was constructed by
comparing the copy numbers of 10-fold dilutiongredf standard to their respective threshold
cycles. The slope of the standard curve was usedltalate the PCR efficiency with the
equation E = 10"~ 1. The PCR efficiencies of 16S rRNBenA andtfdC are 92.6%,

91.4% and 95.0%, respectively.

Results

Optimization of RNA extraction from soil

To optimize the procedures, we focused inytiath the extraction step, and examined
different combinations of lysis temperature andgikhe lysis buffer. As shown in Fig. IV.1A,
under the same temperature, the color of cell ¢ygatied from bright to dark as the pH value
increased. On the other hand, under the same piitimom the color of cell lysate prepared at
higher temperature (28°C) was darker than thatgsegpat 14°C. These findings indicated
that at lower temperature and pH, the RNA soluégtracted from the soil contained lower
levels of humic substances. At temperatures belR€ lthe SDS in the lysis buffer

precipitated. We also examined RNA recovery undésrént pH conditions. RNA recovery
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was similar at pH 7, pH 7.6, and pH 8 but lowepldt6.6 (Fig. IV.1B). There was no
detectable difference in RNA recovery between lysisperatures of 14°C and 28°C (data not
shown). We concluded that RNA extraction was pentat best at 14°C with a lysis buffer of
pH 7.

Next, we optimized the purification step. Altiglh major portions of the contaminants
including humic substances in the sample prepardteaxtraction step could be removed at
the step using an Aurum Total RNA Mini Kit, it bewa necessary to remove the remaining
low levels of humic substances which inhibited eneycatalyzed reactions such as RT-PCR
as shown in the Chapter Ill. We compared the efficy of two commercially available
RNase-free columns, the Sephadex G-50 spin col&Roohe) and the MicroSpin S-400 HR
spin column (GE Healthcare), in removing humic sahses. Phenol-extracted RNA that had
not been purified first with the Aurum Total RNA MiKit was used in this experiment. RNA
samples purified with any of the two RNase-freainois exhibited similar RNA recovery
(Fig. IV.2, upper panel). However, the RNA samgdasfied with a Sephadex G-50 column
had a darker color than those purified with a M8pom S-400 HR column (Fig. V.2, lower
panel), suggesting that the latter removed hunmstsunces more efficiently.

The ability of the improved method to removeniwacids was compared to that of the
one described in the Chapter I, by parallel aredyssing the same inoculation method of
KT2440/pSL1. The improved method reduced the le¥@lumic acids to about 5 % of that
detected in samples prepared by the older pro{@og! IV.3A). To examine whether the
interference of humic substances with real-timeAF®€R was reduced, the expression of 16S
rRNA was examined. The expression signal detect&NA fractions prepared by the
improved method was 10-fold higher than that olgdiftom the same amount of RNA
prepared by the older method (Fig. 1V.3B). We caded that the undesired effects of humic

substances had been reduced significantly by tré#fications of the RNA purification
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procedure.

The efficiency of humic substances removal of timegroved method

To quantify the efficiency of the improved mathin removing humic substances, the
guantities of the total humic substances in thatly®btained at step (i) as well as in the final
purified samples were determined by fluoresceneetspscopy using method 1, described in
Materials and Methods. As shown in Table IV.1, 98% of humic substances had been
removed after purification. The humic substancesaeted together with RNA might include
humic acids and fulvic acids (see Discussion). diaficm that the improved method removed
both of them efficiently, we extracted humic aca&l fulvic acids from the field soil and
subjected them to the RNA extraction procedurepeddently. The quantities of humic
substances in the start material at step (i) aaditlal samples obtained at step (v) were
determined by fluorescence spectroscopy. Afteffigation, more than 99.9% of humic acids
and fulvic acids were removed (Table 1V.1). Thecpatage of fulvic acids removed was
higher than that of humic acids (Table IV.1), susjggy that fulvic acids can be removed more
efficiently than humic acids by the improved method

In an attempt to compare the efficiency of timproved method with other available
methods, RNA extraction from the raw brown forest was performed with this method, the
PowerSoil Total RNA Isolation Kit (MO BIO, Carlsba@A, USA) and a recently reported
method (PerSokt al., 2008). Because the improved method removed faleids more
efficiently than humic acids (Table IV.1) and tedfrescence spectra of the purified RNA was
similar to that of humic acids but different frohmat of fulvic acids (data not shown), humic
acids could be the major component of the humistsuices remained in the purified soil
RNA solution. The quantities of humic acids in theified RNA were determined by

fluorescence spectroscopy using the method 2 dbestimn the Materials and Method. As
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shown in Fig. IV.4, the improved method showedIltveest level of co-extracted humic acids
in the extracted RNA among all methods. The coaexéd humic acids in the RNA extracted
with the PowerSoil Kit and the method of PerSohlef2008) were reduced to a low level

after further purification with a MicroSpin S-40Rtolumn (Fig. IV.4).

Expression of 3-chlorobenzoate degrading genes

We chose thbenA andtfdC genes that are encoded by genomic DNA and plaBiNi,
respectively, as representatives of the 3CB deggagienes, to examine gene expression
induced by 3CB that was added to the soil. Rea¢-timantitative RT-PCR was performed
using the RNA extracted by the improved method tsmplate (Fig. IV.5). The expression
levels ofbenA andtfdC were strongly increased in the 3CB-amended sGB@ as
compared to the control (3CB-), indicating that ¢éixpression of 3CB degrading genes was
induced by 3CB in the soil. The bacterial numbarthe two inoculated soils were very
similar (1.02 x 18+ 1.04 x 16CFU g* soil in 3CB- soil and 1.01 x 1@ 1.18 x 10 CFU

g * soil in 3CB+ soil), so the difference in expressigas due to gene expression in the soil.

Discussion

Optimization of the method for RNA extraction frosoil

Although our previous method could handle laag®unts of soil and was successful in
detection of gene expression in soil, significavels of humic substances remain in the
extracted RNA. In the present study, we optimizeksal steps to remove humic substances
from the RNA preparation more efficiently.

We optimized the lysis conditions in the exti@t step because removal of as much of
the humic substances as possible at this earlyfatdjpated further purification. The amount

of co-extracted humic substances varied with theiam temperature. The cell lysate

51



prepared under high ambient temperature had a deoka than that prepared under low
ambient temperature. Therefore, we speculatedhbaemperature might affect the level of
co-extracted humic substances in the lysate. Hgmidstances can be classified into three
fractions: fulvic acids that are soluble in alkatid acid, humic acids that are precipitated in
alkaline extracts by acidification, and humin tbahnot be extracted by alkali or acid (Zipper
et al., 2003). Humin was unlikely to be extracted by kysis buffer so that the co-extracted
humic substances likely consisted of fulvic acidd humic acids. Since fulvic acids are
soluble in alkali and acid, it is not possible ¢éduce their levels by optimizing the pH. On the
other hand, humic acids are extracted by alkalnetiacid, hence it is possible to reduce their
level in the lysate by lowering the pH of the lybidfer. Based on these considerations, we
optimized the pH and temperature conditions.

In the subsequent step, the Bio-Rad Aurum TRMNA Mini Kit was used, which has
been shown to work well as an ion exchange coluaset technique. In the previous study,
the Sephadex G-50 quick spin column was used atfdtgation column. The Sephadex
G-50 column has an exclusion limit around 10 kD#hst low molecular weight humic
substances will be trapped in the column. Whilentlméecular weights of humic substances
are conventionally assumed to range from a few tetchtb millions of Dalton, it was
reported recently that the weight average moleautaght of soil fulvic and humic acids
were 9-14 kDa and 15-20 kDa, respectively (Permargbal., 2003). Based on this
information, we concluded that the Sephadex G-%0neo, which allows humic substances
of high molecular weight (MW > 10 kDa) pass togetivéh RNA molecules, was not the
most appropriate choice. An alternative commergiallailable RNase-free gel filtration
column, the MicroSpin S-400 HR column, separategelamolecules than the Sephadex G-50
column, suggesting that a greater proportion ol mgplecular weight fulvic and humic acids

might be retained in the column while RNA moleculese eluted. This was confirmed by
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the results (Fig. IV.2).

In the improved RNA extraction method, a deisgltoncentration step was included to
facilitate downstream experiments such as real-Rh€CR. The RNA Clean-Up Kit-5
(Zymo Research) and the RNeasy Mini Kit (QIAGENjtbworked well in our experiments.
The maximal RNA binding capacity of the spin columrthe RNA Clean-Up Kit-5 (Zymo
Research) is 5 pg (RNA Clean-Up Kit-5 Handbookg BNeasy Mini Kit (QIAGEN), which
has a maximal RNA binding capacity of 100 ug (RNedsi Handbook), should be used if
greater amounts of RNA are to be handled.

Compared with the previous method for RNA extican from soil (described in Chapter
I), this improved method was modified in threepsteThe first is the extraction step, which
requires low temperature and an extraction butf@Ha7 for beads beating. The second is the
purification step, at which the Sephadex G-50 caoluvas replaced by a MicroSpin S-400 HR
column. Finally, a desalting/concentration step a@ded, at which a binding spin column

was used to ensure high quality RNA.

The efficiency of humic removal

Fulvic acids were removed more efficiently thamic acids in the optimized procedure.
First, the phenol extraction (step (i)) removedieigproportions of fulvic acids than humic
acids (data not shown). Second, the molecular weigihfulvic acids are smaller than those
of humic acids, which made fulvic acids more easgiyovable by gel chromatography than
humic acids.

Although the absorption at 320 nm in princigée be used to determine the levels of
humic acids (Miller, 2001), it is unclear whethkee tmethod enables the measurement of
fulvic acid contents. On the other hand, fluoreseespectroscopy is more sensitive than UV

spectroscopy and has a higher specificity sine®rks with two specific wavelengths for a
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given material, the excitation and emission wavgtles. For this reason, fluorescence
spectroscopy has been used to detect and charadbernic substances for more than twenty
years (Ghosh & Schnitzer, 1980; Senesi, 1990; Btkh, 1993; De Souza Sierghal.,

2000; Schepetkist al., 2003; Rezacova & Gryndler, 2006). Since humicstarices from
different sources have different excitation andssimoin wavelengths (Beliet al., 1993; De
Souza Sierrat al., 2000), it is not possible to determine the alisofwantity of humic
substances extracted from various samples accyrtatielg commercial humic substances as
standards. In addition, the excitation and emissiamelengths of humic acids and fulvic
acids are close to each other (Schepedkat., 2003) and hence it is impossible to
discriminate one from the other in a mixture. There, we relied on a set of serial dilutions
of a mixture of humic and fulvic acids which werdracted from the field soil we used in the
present study, as standards for the determinaficglative levels of humic substances.

To evaluate the efficiency of the improved noeththe raw brown forest soil was
processed with the improved method, the Power@adl RNA Isolation Kit (MO BIO,
Carlsbad, CA, USA) and a recently reported mettratgohet al., 2008), in which A(SQy)3
was used to trap humic acids prior to RNA extractithe improved method was more
efficient in humic acid removal than these two noelth(Fig. IV.4). Since the method of
PersSoh et al. (2008) has been already evaluatéd bythors as superior to the FastDNA Spin
Kit for Soil (Qbiogene, Irvine, CA, USA), the PVRRification method (Mendurdt al.,

1998) and two previously reported methods (Griéfgthal ., 2000; Hurtet al., 2001), the
improved method may be more efficient in removahwiic acids than those methods.

Although we focused on optimization of our soNRextraction method to reduce the
contamination of humic substances, the optimizediitmns (or strategy for optimization) in
this study could be applied for some other soil Rd¥fraction methods, especially those with

purpose requiring highly purified RNA, such as d&te of gene expression. Firstly, the
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composition of the lysis buffer in a given soil R&traction method will not be changed if
we only adjust the pH of lysis buffer to neutratigrerform cell lysis under lower temperature.
Secondly, the MicroSpin S-400 HR spin column cdagdan optional module in any soil RNA
extraction method. In the case that heavy contatiomaf humic acids occurs, the RNA
sample prepared with a given method could be fugbéfied with this column to get rid of

humic acids efficiently.

Detection of gene transcripts in soil

The purpose behind our attempts to improvestlileRNA extraction method was the
acquisition of high quality RNA for gene expressamalyses. Therefore, we examined the
expression of two 3CB degrading genamA andtfdC, in the soil using the well-studied
strainPseudomonas putida KT2440 as a model microorganism. The real-timeA&R data
clearly demonstrated 3CB-dependent gene induatiohe soil. The gendsenA andtfdC
encode benzoate 1,2-dioxygenase and chlorocatéchdioxygenase, respectively, both of
which are key enzymes in the degradation of chiemabate and chlorocatechols (Cowdes
al., 2000; Liuet al., 2001; Ogawat al., 2003).benA is located in the genomic DNA while
tfdC is located on the plasmid pSL1 (Letial., 2001; Nelsoret al., 2002). Both of them are
located at the first position in the respectiveeyeluster responsible for the successive
enzymatic steps (Ogavehal., 2003), and thus appeared to be good targetsalgzanthe
expression of the two clusters. Our improved metietidbly detected the change of

expression levels of the two genes that occurrédarsoil due to induction.
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Table IV.1 Efficiency of the improved method in removing humic substances

Humic substances in Humic substances in
Sample type the start materials (%) the final samples (%)*
Lysate 100 + 1.07 0.0021 + 0.00130
Fulvic acids 100 £ 1.74 0.0007 + 0.00003
Humic acids 100 +2.89 0.0149 £ 0.00175

& Triplicate samples were examined.
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23S rRNA
16S rRNA

Fig. IV.1 Optimization of cell lysis conditions. (A) The effect of the lysis buffer pH and of lysis
temperatures on the levels of co-extracted humic substances. (B) Agarose gel electrophoresis

showing the efficiency of RNA recovery under different pH conditions.
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Genomic DNA

— 23S IRNA
— 16S rRNA

Fig. IV.2 Selection of the gel filtration column for purification. RNA solutions purified by different
columns are shown together with the agarose electrophoresis gel. The yellowish tone of the RNA

solutions is caused by co-extracted humic substances.

58



A Co-extracted humic acids

012
0.08
o
S
a
(e
0.04
*
0 =
Previous Improved
method method
B C
Detected expression level of 16S rRNA
300000 r Standard curve of real-time RT-PCR
I 30
<Z( 250000 |
& 200000 251
T
2 150000 f 5 201
2
o 100000
o 154
50000
I_I_I 10 . T T y
Previous Improved 3 4 5 6 7
method method Log CO

Fig. IV.3 Improvement of the soil RNA extraction method. (A) UV spectrophotometric
measurement of humic acids in the RNA extracted from soil. *This was calculated from
measurement of 10-folds concentrated RNA solutions since the signals of the original solutions were
under the detectable level (The value of ODs,, lower than 0.02 could be considered as undetectable
for humic acid measurement). (B) Expression of 16S rRNA as detected by real-time RT-PCR. (C)
The standard curve of real-time RT-PCR for the 16S rRNA gene. Linear regression coefficient R® =

0.99 (y = -3.51x + 38.54). Samples from triplicate soil incubations were examined in (A) and (B).
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Fig. IV.4 Fluorescence spectroscopic measurement of humic acids in the RNA
extracted from soil. For each method, samples from triplicate extractions were examined.
The signal intensities of all RNA solutions for measurement were at detectable levels.
The broken line indicates the threshold value, lower than which the humic acids in an

RNA sample did not inhibit RT-PCR reaction significantly (Chapter Il1).
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Fig. IV.5 Expression of the benA (A) and tfdC (B) genes in Pseudomonas putida KT2440/pSL1
inoculated in sterilized soil. (C) The standard curve of real-time RT-PCR for the benA gene.
Linear regression coefficient R®=0.99 (y = =3.55x + 41.20). (D) The standard curve of real-time

RT-PCR for the tfdC gene. Linear regression coefficient R®=0.99 (y = -3.45x + 42.83).
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Chapter V
Microarray Analysis of Global Gene Expression in

Pseudomonas putidK T2440 Growing in a Sterilized Soil

Summary

To examine whether the RNA extracted from watih this improved method was
suitable for microarray analysis, genome-wide stanaf gene expression by microarray
techniques was performed on RNA extracted fromiligied soil inoculated with
Pseudomonas putida KT2440/pSL1. The genes showing significant changeiseir
expression in both the triplicate-microarray analysing amplified RNA and the
single-microarray analysis using unamplified RNA@mvestigated. Pathway analysis
revealed that the benzoate degradation pathwaywedethe most significant changes
following treatment with 3CB. Analysis based oneggtrization of differentially expressed
genes against 3CB revealed new findings aboutdli@ar responses of the bacteria to 3CB.
The genes encoding aM™ antiporter complex, a universal stress proteim, ¢tytochrome
P450 proteins and an efflux transporter were upatgd. The downregulated expression of
several genes involved in carbon metabolism angéines belonging to a prophage in the
presence of 3CB was observed. This study demoedtthé applicability of the method of
soil RNA extraction for microarray analysis of gemgression in bacteria growing in

sterilized soil.
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Microarray techniques are powerful tools to fitmmgene expression genome-wide, and
have been extensively applied to many aspectsotddical studies (Watsoet al., 1998;
Epstein & Butow, 2000). Soon after this methodolbggame available, soil microbiologists
speculated on its usefulness for the detectioraofdrial gene expression in soils (Insam,
2001). However, because of the difficulties invalve RNA extraction from soil, these
expectations have not yet been realized. One ahtjer problems in soil RNA extraction is
contamination with humic acids, which affect thewate measurement of nucleic acids
(Bachooret al., 2001; Zippekt al., 2003), suppress enzyme activity (Tebbe & Vah]&93),
and inhibit hybridization (Alnet al., 2000). Recently, we developed a new strategxtiaet
bacterial RNA from soils, enabling us to acquirghhguality RNA with very low levels of
humic acid contamination, allowing for quantitatnexerse transcription-polymerase chain
reaction (QRT-PCR) to obtain reliable gene expoesdata (Chapter IV). While our ultimate
target is to detect bacterial gene expressionvinsil, we reasoned that a useful first step
would be the successful microarray analysis o€algted soil inoculated with a bacterial
strain whose genome had been fully sequencedidrstiindy, we useBseudomonas putida
KT2440 as a target strain, whose genome sequerateaidt al., 2002) and catabolic
potential against a wide range of natural arom@impounds (Jiménet al., 2002) has been
determined. We extracted RNA from sterilized seddulated with &seudomonas strain
(Pseudomonas putida KT2440/pSL1) containing a plasmid that carriedegefor the
degradation of chloroaromatic compounds (&tial., 2001), in the presence or absence of
3-chlorobenzoic acid (3CB). Microarray analysis aafdsequent validation by gRT-PCR
provided us with new knowledge about the celludmponses of bacteria to 3CB, including
induction of several genes involved in transpod simess response, and downregulation of

the genes belonging to a prophage and several geraged in carbon metabolism.
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Materials and methods

Bacterial culture conditions

Pseudomonas putida KT2440/pSL1 (Liuet al., 2001) was transferred from a glycerol
stock to an LB agar plate (Sambrook & Russell, 20Gth kanamycin (50 pg mit), and
incubated at 30 °C overnight. The strain was thdstsltured overnight in LB medium
(Sambrook & Russell, 2001) with kanamycin (50 pgtéat 28 °C. A 1-mL volume of the
liquid culture (ORo = 1.0) was centrifuged to collect cells. After Wwiaxgy twice with 10 mM
NaHPOy/NaH,PO, buffer (pH 6.8), cells were resuspended and dildt@fold with the same
buffer. To prepare bacterial soil cultures, 0.2 ofithe diluted bacterial suspension was mixed
with 1.8 g sterilized soil in 15 mL tubes [about 3¢ CFU (g soil)'], to which 3CB had
been already added at a final concentration ofi2b@ soil)* (the 3CB+ group). Brown
forest soil (FAO classification: Gleyic Cambisolgas sampled from the surface of a field at
the Ehime Agricultural Experimental Station in Ekindapan (33° 50' 24" N and 132° 46' 12"
E). Preparation of the sterilized soil samples twedproperties of the soil were same as
described in the Chapter Il. To ensure homogendistisbution of 3CB in the soil, 3CB was
first mixed with Celit& powder (Wako, Osaka, Japan) as previously dest(Merimotoet
al., 2005). Equal amounts of Celite powder were addaxbntrol soil samples (3CB- group).
The soil cultures were incubated at 30 °C for thrapriate periods. To determine the
concentration of 3CB in soil, soil samples werejsctied to HPLC analysis with a reversed

phase C18 column as previously described (Morinabéb., 2008).

RNA extraction from soil
Total RNA was extracted from 2 g of soil cudwsing an RNA PowerSoil Total RNA

Isolation Kit (MO BIO, Carlsbad, CA, USA) accorditgthe manufacturer’s instructions,

with some modifications. Centrifugation (2,58@, 10 min, room temperature) was
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conducted between the cell lysis and the phenohetxdn steps to separate the cell lysate
from the soil. Purification using a MicroSpin S-48®& spin column (GE Healthcare, Little
Chalfont, UK), DNase digestion using a TURBO DNA&drDNase (Ambion, Austin, TX,
USA), and concentration using an RNeasy Mini Kiuocan (Qiagen, Valencia, CA, USA)
were conducted as described in the Chapter IV.cbneentration of RNA was determined
using a Nanodrop system (Nanodrop, Wilmington, DEA). The integrity and purity of
extracted soil RNA was assessed by agarose gétagboresis, ultraviolet spectrometry, and

23S/16S ratio on an Agilent 2100 Bioanalyzer (Agfij&santa Clara, CA, USA).

Microarray analysis — Single array without RNA anification

In this analysis, the pooled RNA extracted fra2n(3CB-) and 48 (3CB+) soil cultures
was directly applied to microarray analysis. A $ngnicroarray was used for each treatment
(3CB+ or 3CB-), therefore two NimbleGen Custom Rgbtic Gene Expression 385K
Arrays were used in this analysis. Each array ¢oetkfive sets of fourteen sequence-specific
60-mer probes per gene corresponding to 5,341 desraghePseudomonas putida KT2440
genome and five geneddT, tfdC, tfdD, tfdE andtfdF) from the pSL1 plasmid.
Five micrograms of total RNA was processed andlémbaccording to the standard protocols
from Roche NimbleGen. Briefly, double-stranded cDIN&s synthesized using a SuperScript
Double-Stranded cDNA Synthesis Kit (Invitrogen, Baad, CA, USA), then labeled with
Cy3-random nonamers using a NimbleGen One-Color DAeling Kit (Roche
NimbleGen) and hybridized to the microarrays fol#& 42 °C on a NimbleGen
Hybridization System. The arrays were washed, daaed scanned at 5 pm resolutions using
a GenePix 4000B microarray scanner (Molecular BesyiSunnyvale, CA, USA).
NimbleScan v2.5 (Roche NimbleGen) was used to eixttata from scanned images, and to

perform quantile normalization (Bolstatal., 2003) and robust multi-array average (RMA)
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analysis (Irizarryet al., 2003) across arrays to generate gene expressioesv Statistical
analysis and fold change calculations were perfdrastng NANDEMO Analysis v1.0.2
(Roche NimbleGen). The Studentgest with Bonferroni correction for multiple tesgi [a
total of 5,346 open reading frames (ORFs) on alnags applied to evaluate genes with

significantly altered signal intensity.

Microarray analysis — Triplicate arrays with RNA apfification

In this analysis, the total RNA extracted fridmee replicate soil cultures of each
treatment (3CB+ or 3CB-) was amplified by a Mesgagp™ II-Bacteria Kit for Prokaryotic
RNA Amplification according to the manufacturensiructions (ABI Ambion, Tokyo, Japan).
For each soil culture, 100 ng total RNA was usesdta’ material in the RNA amplification
reaction. One array was used for each of the ¢api RNA samples in each treatment,
therefore six NimbleGen Custom Prokaryotic Generg&sgion 4x72K Arrays were used in
this analysis. Each array contained two sets o$sguence-specific 60-mer probes per gene
corresponding to 5,341 genes from Bseudomonas putida KT2440 genome. Both the
NimbleGen 385K and the 4x72K arrays used in thigtvere designed and manufactured
by Roche NimbleGen.

Amplified RNA (10ug) was processed and labeled according to the atdupdotocols
from Roche NimbleGen as described above. Data @sracted from scanned images using
NimbleScan v2.5 (Roche NimbleGen). The ArrayStafwbftware (DNASTAR, Madison,
WI, USA) was used to perform quantile normalizatiBolstadet al., 2003) and RMA
analysis (Irizarryet al., 2003) across arrays to generate gene expreszioesy fold change
calculation and statistical analysis. The Studertest with false discovery rate (FDR)
correction for multiple testing [a total of 5,34ftem reading frames (ORFs) on arrays] was

applied to evaluate genes with significantly aldesegnal intensity.
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Quantitative RT-PCR

Expression of genes selected from the micrgateeening was validated by two-step
gRT-PCR; the genes for validation and correspongdimers are listed in Table S1. Total
RNA (700 ng) extracted from 3CB+ or 3CB- soil cuéts (three independent pools of RNA
were used and each pool contained RNA recovereal in soil cultures) in either the
logarithmic or transition phases was reverse trdmsd using the SuperScript 1l First-Strand
Synthesis System for RT-PCR (Invitrogen) accordnthe manufacturer’s instructions for
random hexamer primed reactions. Quantitative RRR@s performed using SYBR Premix
DimerEraser (Perfect Real Time) (Takara, Shigaadppn a StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USAR uL sample of 4-fold diluted cDNA
was used as a template in ai@0reaction mixture. The final concentration of eg@chmer in
the PCR mixture was 300 nM. The reaction conditiwase: 30 s at 95 °C for activation of
DNA polymerase, 40 cycles of 5 s at 95 °C and 1 aitihe temperature indicated in Table S1,
followed by a melting curve stage, which generat@ves with continuous fluorescence
acquisition from 60-95 °C at a rate of 0.3 °€. Standards for the assays were prepared with
PCR amplicons from genomic DNA or cDNA Bseudomonas putida KT2440, or the
plasmid pSL1 with the same primers used in the BRR. A standard curve was constructed
by comparing the copy numbers of 10-fold dilutiafishe standard to their respective
threshold cycles. The amplification efficienciesatifstandard curves, which were calculated
with StepOne Software (Version 2.1;Applied Biosyss$e Foster City, CA, USA), were higher
than 90%. The negative controls without templat R+ controls (RNA without reverse
transcriptase treatment) for all examined genes/stdCq values at least five cycles higher
than those of samples. A recent report found tbiatadly no gene is universally stable enough
to serve as a general reference gene to normdizd’¢R data, and a subset of stable genes

that has smaller variance than commonly used mneergenes exist in each biological context
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(Hruzet al., 2011). Thus, we searched for proper referencegesing the current gold
standard method, which combines the evaluationseft @f reference genes together with a
method for selecting reference genes with the stafile expression (Huggettal., 2005;
Nolanet al., 2006). The candidate reference genes for norataliz of gRT-PCR data were
selected according the criteria as followed: irhltbe triplicate-array and the single-array
analyses, fold changes were smaller than £1.2Gmel intensities were 260% of the
maximum signal on arrays to avoid signal saturationndetectable signals. Six genes fitted
these criteria: flagellar protein FliS (PP_4378nslation initiation factor IF-3 (PP_2466);
50S ribosomal protein L1 (PP_0444); ornithine carbglitransferase (PP_1000); flagellar cap
protein FliD (PP_4376); and tRNA (guanine-N(1)-)tmgdtransferase (PP_1464). The best
reference gene was selected by evaluation of tHeR{fR data for these genes as well as for
the 16S rRNA gene using BestKeeper (Pfetfll., 2004). This analysis suggested that the
gene encoding the flagellar protein FliS (PP_43va&g the more stable gene. Thus, the
expression level of each gene was normalized ublgRT-PCR signal for PP_4375.
Student's-test (two-sided) was applied to identify genesweignificantly altered signal

intensity. Ap-value less than 0.05 was considered statistisadyificant.

Analysis of biochemical pathways and cellular respses

To perform automatic biochemical pathway analythe Entrez Gene ID numbers of
genes to be analyzed were submitted to the DAVIRIBormatics Resources server (Dennis
et al., 2003; Huangt al., 2009), followed by running the Functional AnnaiatChart with
default settings. Categorization of differentiadlypressed genes against 3CB was conducted
by manual searches on the website of the Comprifeeliscrobial Resource
(http://cmr.jevi.org/cgi-bin/CMR/CmrHomePage.cdihe latest information for each

differentially expressed gene was confirmed, oraied when necessary, by referring to the
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Entrez Gene database (http://www.ncbi.nlm.nih.gené&). Annotation of hypothetical
proteins was done by performing a BLASTP searclnagthe NCBI non-redundant protein
sequence database (http://blast.ncbi.nim.nih.gagtBigi), and domain search against the
NCBI CDD (Conserved Domain Database, http://wwwimtim.nih.gov/cdd) and the Pfam
(http://pfam.sanger.ac.uk/) databases. The hypo#igiroteins with assigned function by
homology search were re-categorized accordinglymlbaanalysis of biochemical pathways
was conducted, where required, by locating diffeadly expressed genes on the
corresponding pathway maps which were downloadad fthe KEGG website

(http://www.genome.jp/kegg/).

Microarray data accession number

The microarray data discussed in this publcatiave been deposited in the NCBI's
Gene Expression Omnibus (Edghel., 2002; Barrettt al., 2011) and are accessible through
GEO Series accession number GSE19516
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?aGSE19516) and GSE28215

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?aGSE28215).

Results

Bacterial growth and 3CB degradation in soil

In preliminary experiments, we observed tha@dold dilution of theP. putida
KT2440/pSL1 liquid culture (OBo = 1.0) for soil inoculation was appropriate to gexte a
growth curve that reached a maximum level withwvesal days (Fig. V.1A). Thus, we applied
this dilution step to prepare all soil culturesdigethis study. The 3CB is degraded
completely by thé. putida KT2440/pSL1 strain as it possesses genomic gemnekd

breakdown of 3CB to 3-chlorocatechol, and an inicedi plasmid, which contains
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3-chlorocatechol degradation genes (&ial., 2001). When soil was treated with 25§ (g
soil)* 3CB, this strain degraded 3CB almost completethiwi3 days of incubation (Fig.
V.1B). To detect expression of 3CB degradation geng@opulations at comparable growth
stages by microarray analysis, bacterial cells veargested in the transition phase, 2 days
and 1 day after incubation for 3CB+ and 3CB- grouespectively. For gRT-PCR analysis to
validate the data obtained by microarray analyssterial cells were harvested after 1 day
(log phase of 3CB+ treatment) or 2 days (transifibase of 3CB+ treatment) and half a day

(log phase of 3CB- treatment) or 1 day (transipbase of 3CB- treatment) after incubation.

Quality of RNA extracted from soil

For microarray analysis, the extracted soil Rd&sessed the typical ultraviolet
absorption spectrum of pure RNA, in which the ratd ODys/ OD,go Were higher than 2.00
and ODs/OD230 Were higher than 1.95, suggesting a successfudvahof impurities such as
humic acids during RNA purification. The rRNA ra{(i®3S/16S) examined with an Agilent
2100 Bioanalyzer was 1.0 for all samples, indigatimt the integrity of the extracted RNA
was appropriate for microarray analysis. The sugge®3S/16S ratio should be greater than

or equal to 1.0 as suggested by Roche.

Overview of microarray analysis and gRT-PCR valicbat

In the triplicate array analysis, 197 genesspssed fold changes higher than 3 and the
maximum FDRp-value among these genes was lower than 0.006elsihgle array analysis,
217 genes possessed fold changes higher thanlwribnferroni < 0.001). These data
suggested that there was no false positive datamguhese genes in both analyses. Because
false positive genes could be selected if the bwlesof fold change was lower than 3, we

used a 3-fold change as a common criterion to ssigeificantly altered genes from both
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analyses. The genes showing significant changdgeeinexpression levels in both analyses
were collected for further analysis, covering 5tagplated genes and 59 downregulated
genes. Among them, the genes involved in 3CB degiadand transport, and major cellular

responses were validated by gRT-PCR (Tables V.1vt)d

Expression of genes involved in 3CB degradation arehsport

To identify biologically significant cellulaesponses, we analyzed the 51 upregulated
genes and 59 downregulated genes using the DAVn®irmatics Resources server. This
analysis suggested that benzoate degradai@ahe hydroxylation pathway was the pathway
most significantly affected by 3CB treatment in tiplé tests (Bonferronp < 0.001).

For the benzoate degradation-related genes logatbd chromosomebénABCD operon),

the upregulated expression on microarrays wasatalidby gRT-PCR (Table V.1). It was also
confirmed by gqRT-PCR analysis that the 3CB degradajenes located in the plasmittiC,
tfdD, tfdE and tfdF) exhibited strong responses to 3CB treatment th thee log and transition
phases (Table V.1).

For small compound transport in Gram-negataetdria, a porin protein in the outer
membrane and transporter proteins in the innemeethbrane are required (Schirmer, 1998;
Klebba, 2005). In th€. putida KT2440 genome, there were seven candidate gevelyéal
in benzoate transport according to the KEGG genetation (http://www.genome.jp/kegg/),
including three porin genes (PP_1383, PP_2banf;) and four transporter genes (PP_1820,
benK, benE-1, benE-2). However, according to our microarray and qRIRRdata (Table V.1),
only two transporter genebehE-2 andbenK) and two porin genebénF and PP_1383)

responded to 3CB treatment.

Survey of cellular responses to 3CB
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To characterize the cellular responseR. plitida KT2440/pSL1 to 3CB, 110
differentially expressed genes (51 upregulated¥hdownregulated genes), which had been
used for pathway analysis, were categorized acagtdi their cellular roles as annotated by
the Comprehensive Microbial Resource database YRg. The categories “energy
metabolism” and “transport and binding proteinglinded 47% of the upregulated genes, and
the categories “prophage” and “energy metabolismluded 64% of the downregulated
genes. These suggested that major cellular respdm&EB occurred in these categories. In
terms of the ratio of the number of differentiadiypressed genes to the total gene number in
each category, “central intermediary metabolism5%2) and “energy metabolism” (2.7%)
were the categories affected most by 3CB exposuggesting that important cellular

responses occurred also in “central intermediariabwism”.

Transport and binding proteins

Among the 3CB responsive genes, 12 were retatédnsport (11 upregulated and one
downregulated; Figs. V.2 and V.3). The upregulatedes included transporter genes for
benzoate and its analogues and for other compduabdtes V.1 and V.2). The genes coding
for predicted subunits of a'K4™ antiporter complex (PP_2225-PP_2228) were upreslila
in both the log and transition phases. As a resptm8CB, the expression of a drug
resistance efflux transporter gene (PP_1271) iseca both the log and transition phases.
This suggested that this gene was involved in fieigion of excess 3CB molecules or its
toxic metabolites fronf. putida KT2440/pSL1 cells, although further study is reqdito

confirm this.

Cytochrome P450 and stress response proteins

The two upregulated genes in the “central meatiary metabolism” category, PP_1950
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and PP_1955, encode cytochrome P450 family prqteinish are involved in the oxidative
degradation of various compounds, especially enmi@ntal toxins and mutagens
(Werck-Reichhart & Feyereisen, 2000). PP_1950 sdaavdramatic fold change by the 3CB
treatment (72- and 46-fold in the single array aipdicate array analyses, respectively),
suggesting a high response to the treatment. Ifctikilar processes” category, PP_1269
encodes a UspA-like universal stress protein. ThgA protein is a small cytoplasmic protein
whose expression is enhanced when the cell is edposstress agents (Nystrom & Neidhardt,
1994). It is likely the universal stress proteirstrain KT2440 was responsive to the 3CB
treatment to protect cells from 3CB molecules eritiiermediate product molecules

generated during 3CB degradation (Fig. V.3).

Carbon metabolism

Genes involved in carbon metabolism were mdstind in the “energy metabolism”
category, and included the benzoate degradatioesgé&s shown in Table V.2, the genes
encoding 2,3-butanediol dehydrogenase and the coemp® of the acetoin-cleaving system
(PP_0552 to PP_0557), which are required for tm¥exsion of 2,3-butanediol to central
metabolites (Huangt al., 1994), were downregulated following 3CB treatmariioth the
log and transition phases (Fig. V.3), suggestingdaiced consumption of carbon sources
other than 3CB in the soil. Utilization of carbavusces was switched from acetoin-related

compounds to 3CB in the cells exposed to 3CB ioileesivironment.

Prophage genes
There are four prophages in ®gutida KT2440 genome (Canchaghal., 2003).
Among 53 genes (from PP_1532 to PP_1584) belortgiphpage 04, 29 genes were

downregulated in the cells exposed to 3CB (Fig).M&e gRT-PCR data of the genes
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encoding a capsid protein (PP_1567) and a majgpriatein (PP_1573) confirmed the
microarray data (Table V.2). In the 3CB- samplbks,dxpression levels of these two prophage
genes were increased at the transition phase (Q.8-fold for PP_1567 and 2.3 + 0.3-fold for
PP_1573p < 0.05, Student'stest) compared with the log phase, but such eetandwas not

observed in the 3CB+ samples.

Discussion

Optimization of the microarray technique for soilNRA samples: RNA preparation, RNA
amplification and data analysis

For successful microarray analysis, a largentityeof high quality RNA is required. It is
easy to obtain sufficient quantities of pure RNén@ of micrograms) from a liquid culture.
Conversely, the RNA yield from soil is low, rangifrgm tens to hundreds of nanograms per
gram of soil. For this reason, large amounts of@®soil and concentration of the extracted
RNA are required prior to microarray analysis. Rartnore, humic acids co-extracted with
nucleic acids from the soil interfere with micraarranalysis. Because humic acids can be
concentrated together with nucleic acids duringueth precipitation (Torsvik, 1980), the
co-extracted humic acids need to be reduced txiaeneely low level before the final
concentration procedure. These problems makefitulifto analyze gene expression of
microorganisms living in soils by microarray metsotsing the method developed by us,
approximately 99.9% of the humic acids could beaesd. To render the method more
feasible for routine laboratory use so that thera@oray data can be compared with those
obtained in future studies, we used a combinatfaommercial kits (PowerSoil Total RNA
Isolation Kit plus MicroSpin S-400 HR spin colunto)purify soil RNA, which proved to be
highly successful in removing humic acids from $MNA. To establish the reliability of the

method, we conducted microarray analyses using BXracted from sterilized soll
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inoculated with a single bacterial strain.

In the microarray analysis using a single apaytreatment, we collected 30 pg RNA
from 48 independent soil cultures treated with 3@ an equal quantity of RNA from 32
soil cultures untreated with 3CB. Since it is diffit to prepare such large amounts of RNA
for triplicate array analysis, we adopted an RNAdhfication strategy to obtain a sufficient
amount of RNA for triplicate microarray analysis,which around 100 pg amplified RNA
was generated from as little as 100 ng total RNis Thade microarray analysis using a
small amount of soil (e.g. 2 grams of soil) becawailable so that it saved much effort in
RNA extraction from soil. High reproducibility ofioroarray data using RNA amplified by
the MessageAmp ll-Bacteria Kit has been verifiedh®ymanufacturer
(http://www.ambion.com/) and other researchersa@-tiopezt al., 2008). This technique
has been previously used by researchers succgd$itids-Lopezt al., 2008; Shet al.,
2009; Stewartt al., 2010). However, the correlation between geneesgion data acquired
using amplified RNA and those acquired using un#iedlRNA (r? = 0.85-0.92) was a little
lower than that for biological replicate$ € 0.94-0.99) (Frias-Lope®t al., 2008), suggesting
that a small bias was generated during RNA amalifie1. Although this small bias might be
ignored in some cases, to obtain reliable micrgadeda, we selected the significantly
differentially expressed genes in both the singlayaanalysis using unamplified RNA and
the triplicate array analysis using amplified RNBecause there was no replicate sample and
the unit of observation in the statistical test \wgwobe (70 probes/gene), Studefitisst with
Bonferroni correction was applied to select diffdraly expressed genes in the single array
analysis. In the triplicate array analysis, thesxenthree replicate samples per treatment and
the unit of observation in the statistical test wasample. In such cases, Bonferroni correction
would be too stringent to select significantly difntially expressed genes and FDR

correction was more appropriate as discussed prslyigLeung & Cavalieri, 2003; Reimers,
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2010). Thus, Studenttstest with FDR correction was applied to this as&y

Changes of the expression level of the genes inedlin 3CB degradation and transport

P. putida KT2440 can metabolize many xenobiotic compounds s1$ benzoate, but
cannot convert 2-, 3- and 4-chlorobenzoate to éméral intermediate compounds, which can
then enter the citrate cycle (Jimératal., 2002; Ogawat al., 2003). To confeP. putida
KT2440 the ability to degrade 3CB completely, aspiad containing th&d operon was
introduced intd®. putida KT2440 (Liuet al., 2001). In the single array analysis, the 3CB
degradation genes located in the plasrtididperon) showed almost no significant change of
expression in the microarray (Table V.1). The sigm&nsities of these genes on the
microarray were very high, indicating that the egsions of these genes were saturated even
in 3CB- samples, possibly because of multiple aopybers. The gRT-PCR analysis
confirmed that four enzyme gené&IC, tfdD, tfdE andtfdF) in the plasmid exhibited strong
responses to 3CB (Table V.1). For the benzoateadatjon-related genes located in the
chromosomelienABCD operon), the upregulated expression on the mi@gavas validated
by gRT-PCR (Table V.1). The gene expression dathedfd operon together with the
benABCD operon are consistent with the HPLC data, whidicated complete degradation
of 3CB after a 3 day incubation (Fig. V.1B).

In biodegradation studies, most efforts havenbdirected towards identifying or
characterizing enzymes that can degrade a ceanpaund. Therefore, other cellular
responses to the treatment of the compound haveraesly analyzed. Although it has been
known thatbenK andbenF are involved in transport of benzoate and its@g@ls molecules
(Cowleset al., 2000), there are five other genes inhputida KT2440 genome putatively
involved in this process. In this study, besibdesK andbenF, we confirmed that a BenF-like

porin (PP_1383) and a transporter gdrenlt-2) were also induced by 3CB treatment in both
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the log and transition phases, suggesting thaetgeses are involved in 3CB transport.
Recent experimental evidence suggestshisrat-1, benE-2 andbenK are benzoate
transporter genes in the KT2440 strain (Nishikatal., 2008). HoweverbenE-1 and two
other genes (PP_1820 and PP_2517) were not indiyc8@B, an analogue of benzoate,
suggesting that these three genes might be exprassesponse to exposure to substrates

more specific thabenK, benE-2 andbenF.

Other cellular responses to 3CB treatment

In this study, we detected induction of anwefftransporter protein, a universal stress
protein and a KH™ antiporter gene operon under existence of 3CBilrby microarray
analysis, these results were subsequently validatefRT-PCR (Table V.2). All of these
genes were first reported to be closely relate’2dB degradation. The universal stress protein
and the multidrug efflux transporter probably reqgr@ed two strategies adopted by the
bacteria to deal with excess 3CB molecules. Theidnug efflux transporter pumped out
excess 3CB molecules; meanwhile, the universadspeotein helped the cells to survive in
the presence of excess 3CB. Although it seemedtibaé genes might be involved in
resistance against 3CB, we still cannot excludetssibility that it might be also involved in
resistance against the intermediate products d@@# degradation. On the other hand, the
K*/H" antiporter complex shuttles knto cells while extruding Hto maintain the
intracellular pH at an appropriate level when baateells are exposed to a low pH
environment (Moaét al., 2002). The pH of both 3CB+ and 3CB- soil samgleghtly
increased during incubation (from 6.04 to 6.26@B3 samples and from 6.13 to 6.37 in
3CB- samples), and at each time point, the pH &-8€amples was lower than that of 3CB-
samples. The difference of pH between 3CB+ and 3aBiples at the transition phase was

0.08. Because addition of 3CB acidifies the shit, ipregulation of the ®tH" antiporter
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genes could be helpful in maintaining cytoplasnticip bacteria taking up 3CB, therefore
these genes were induced in both the log and d@insitron phases. It remains to be elucidated
whether there is any other gene affected by chahgel in KT2440 containing pSL1.

It has been known that several members of ytechrome P450 protein family are
involved in oxidation of benzoic acid (MatsuzakMgariishi, 2005) and its derivatives, such
as 3-chloroperoxybenzoic acid (Spoli&lkal., 2005), 4-methoxybenzoic acid and
4-ethylbenzoic acid (Be#t al., 2008). In a recent study, it was found that 3xadtbenzoic
acid induced the expression of a fungus P450 protdiich was demonstrated to be involved
in degradation of benzoic acid (Niegal., 2010). Thus, we speculate that the two P450
proteins (PP_1950 and PP_1955) inRhputida KT2440 strain might play a role in 3CB
degradation or its conversion to nontoxic compouhdsvever, further investigation is

required.

A cluster of genes highly responsive to 3CB treatine

Because the P450 proteins mainly catalyze xidation reaction in compound
degradation, there should be some other relateglsgamcoding corresponding enzymes either
to convert a compound to the substrate of PA5@m®or to convert the product generated
by the P450 proteins to a downstream product. Wkeesurvey the list of differentially
expressed genes in the microarray analysis, weatbthat a large gene cluster showed high
fold changes in both microarray analyses, and aoedathe genes encoding the two
cytochrome P450 proteins mentioned previously. §kise cluster possesses 15 genes
ranging from PP_1943 to PP_1957 with the same @tien of transcription, suggesting that
co-expression may occur among these genes. Manéhtiibof the genes in this cluster
showed several tens to more than 100-fold chamgesth microarray analyses and

expression of two genes, PP_1943 and PP_1950 wakdated by gRT-PCR (Table V.2).
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This suggested that these genes are highly rey@oitsBCB treatment.

In this gene cluster, three genes, PP_194Rtd ®45, are involved in one carbon pool
(the pathway of conversion of different types afdbydrofolate), suggesting that transfer of
the methyl group may become more active in thes@{posed to 3CB. If some enzymes
catalyzed demethylation reactions, it is reasontmbtébserve this phenomenon. Two genes
coding for demethylase were found in the list afegulated genes, PP_1957 and PP_3736.
Both of them are vanillate demethylase. We didauat vanillate into the soil for bacteria
culture, therefore it is unclear through what medsra 3CB induced expression of these
genes. There are five genes encoding oxidoredwciagkbe gene cluster (PP_1946, PP_1949,
PP_1951, PP_1953 and PP_1957). Except for PP_&9h{llate demethylase), all of them
have unknown function(s). It is possible that thesieloreductases play a role in 3CB
conversion or degradation as they seem to be ceess@d with the two cytochrome P450
genes.

In a BLASTP search against the NCBI databaseyule amino acid sequence of each
gene in this gene cluster, we found that the géoes PP_1943 to PP_1955 had high
similarity to the genes belonging to bacteria thate not pseudomonads. A comparative
genomic analysis of 19 genomes in Bseudomonadaceae family using the RECOG server
(http://mbgd.nibb.ac.jp/RECOG/) revealed that thgraaization of this gene cluster is only
present irP. putida KT2440 (Fig. S1). The integrated microbial genorfib&s) database
(Markowitz et al., 2010) predicted these genes to be putative haa#lg transferred genes
(Table S2). Among them, most genes (PP_1943, PR, P32 1945, PP_1948, PP_1951 and
PP_1952) were possibly transferred from alphapb&etria, and others were possibly
transferred from betaproteobacteria (PP_1949 and $38), actinobacteria (PP_1950,
PP_1953, PP_1954 and PP_1955), chloroflexi (PP )X8¥bfirmicutes (PP_1947). It is

likely thatP. putida KT2440 acquired these genes from different dosorthat a complete set
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of genes for conversion or degradation of a cedampound (probably 3CB-like molecules)
was organized as the current status. Althoughuhetions of these genes have not yet been
experimentally confirmed till now, the current syudstly reported under what condition

these genes were expressed, which is criticahistudy of gene functions.

Prophage genes—the major downregulated genes

Among the downregulated genes, the genes healpihg the phage 04 outnumbered the
genes in all other categories, suggesting thatagonse of this prophage was one of the
major responses to 3CB (Fig. V.3). The phage @dstative lysogenic bacteriophage with
high similarity to the bacteriophage D3 (Canchelya., 2003). The bacteriophage D3
belongs to the unclassifi&iphoviridae of double-stranded DNA viruses. Organization &f th
phage 04 genome (Fig. S2) is similar to that ofléinebda phage. However, the mechanism
that 3CB or its intermediate products affectedit@lavior of this prophage during
degradation remains unclear. Since the gene expngsofile changes dramatically at the
transition phase (Clardt al., 2006), even small difference in the incubationeticould result
in big difference in the gene expression profilbu3, we cannot exclude the possibility that
the downregulated expression of prophage genesaused by the difference in the
incubation time, if there was, between the 3CB+ 23@8- soils although both were at the
transition phase. We also found that expressi@rajfhage capsid and tail genes in the
transition phase was higher than that at the l@ageln the 3CB- samples. This suggested that
the lytic activity of the prophage was more act@ehe transition phase than at the log phase,
which was consistent with previous reports (Webdl., 2003; Clarket al., 2006). The
mechanism under this phenomenon, as suggesteddmt itudies, is involved in
guorum-sensing signaling, which is RecA-indepenaict does not involve an SOS response

(Ghoshet al., 2009; Oinuma & Greenberg, 2011). It has been knthat about 30% of the
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cultivable soil bacteria may contain inducible grages (Williamsomt al., 2008). Probably,
the phage 04 iR. putida KT2440, which was downregulated by 3CB treatmersterilized
soil, could be used as a model system to investitpat transition of prophage between the

lytic and lysogenic life cycles in a soil-like eremnment.

One of the major contributions of this workhst it is the first successful genome-wide
microarray analysis using RNA extracted from a &aat strain growing in sterilized soil.
The new knowledge obtained from this analysis miggrgenes involved in transport allows
us to obtain a more precise understanding regatim@CB degradation process, which

might also be helpful in understanding the degiadgirocess of other compounds.
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Fig. V.1. Time-courses of bacterial growth (A) and 3CB degradation (B) of P. putida KT2440/pSL1 in

soil cultures. Arrows indicate sampling time for microarray analysis.
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Cellular role category Downregulated Upregulated

Amino acid biosynthesis 0 (0%)
Biosynthesis of folic acid 0 (0%)
Cell envelope 1(0.3%)
Cellular processes 2 (0.5%)

0 (0%)

1(0.8%)
1(0.6%)
1(0.3%)
3 (0.7%)
Central intermediary metabolism 2 (2.5%)

Energy metabolism 13 (2.7%)

Prophage 29 (14.4%) 0 (0%)
Protein fate 0 (0%) 2 (1.1%)
Purines ribonucleotide biosynthesis 0 (0%) 1(1.5%)
Regulatory functions 2 (0.4%) 1(0.2%)
Transcription 0 (0%) 1(1.5%)

Transport and binding proteins 1(0.1%)

11 (1.6%)

Unknown function 7 (1.4%) 8 (1.5%)
Conserved hypothetical protein 5(0.5%) 4 (0.4%)

Hypothetical protein 3 (0.5%) 2 (0.3%)

30 25 20 15 10 5 0 5 10 15
Fig. V.2. Number of differentially expressed genes in different functional categories. Percentages in

parentheses indicate the ratio of the number of differentially expressed genes to the total number of

genes in each category.
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Fig. V.3. Summary of biochemical pathways and major cellular responses in P. putida

KT2440/pSL1 cells exposed to 3CB in the log phase (A) and the transition phase (B). The
horizontal broken line serves as a boundary between the upregulated (upper part) and

downregulated (lower part) biochemical pathways and cellular responses.

88



Supplementary Data Containing Detailed Information

Table S1. Oligonucleotides® used in qRT-PCR to evaluate the expression of genes selected according to the microarray analyses

Amplicon
Locus tag Gene Forward primer (5' to 3") Reverse primer (5' to 3") Annealing (°C)

size (bp)
PP_0124 PP_0124 GCAAGTCAAGAACCCCATC AAGCCACCTCGTAACCCT 104 60
PP_0444 rplA GCAATCGCCGAGAAAAT GGGTCAACACCGAGGTTA 128 60
PP_0552 adh CCCAGCGAGTTCAACTTCTTC CAGCCGACCATCAGCAATG 114 60
PP_1000 argl GGCGTTCAACATTCACAA GTTGCCCTTCAGGTGCT 139 60
PP_1269 PP_1269 CTACACCGCCGAGGAACT TTGGTCACAATCGCTTCA 159 60
PP_1271 PP_1271 TTTCTGCCGCCAGGTATCA CCATTGCCAACCGACGTATT 120 60
PP_1383 PP_1383 AAGGCACCACCAACACTCACC GGCATCCATTCACCGACTTTC 130 60
PP_1464 trmD TTGCTTCAGGTGACTTGCT CTTCCAGAGGCTTGATTTTC 118 60
PP_1567 PP_1567 CAGTCCGACCTGTCCTTT GCAGTTGCTCTTCTTCCTT 160 60
PP_1573 PP_1573 GGGCATTAAACCCACAGT TCGAACCCAACCACCTT 165 60
PP_1820 PP_1820 GCTGGACTTTAGCGGCTTCC CCACCACGAACAGCGGAAT 107 60
PP_1943 purU TAGGTGAGTTGGATATGGAAGT CAGGTGTAACAGGCAGATAGTG 111 60
PP_1950 PP_1950 AGCACATTCCCAATATCCTT TCAGAAAAGCCATCCACAT 178 60
PP_2035 benE-1 CGCAACGATGGATTCAAGACC CCCCGACGAGGATGTAACAGA 205 60



PP_2225 PP_2225 TCATCTACTTTTCGTGGCTCAAG CAGCAACAGCGTGGTTATCG 98 60
PP_2466 PP_2466 GAAGAAGCAGGCTAACGAA ATCTCACGACCACGGAAT 174 60
PP_2517 PP_2517 TTCACCTCGGACCGTTTCAA AGCGGTGCGGTTGTTCAGTT 228 60
PP_3161 benA GAAGAAGTCTTCGTACTGGCGAATA GTGAACAAGACCGAAATCACCAT 96 60
PP_3162 benB CACCTCGCACAACATCAGCAA CGTTCTTCAGCACCACCTTCTT 191 60
PP_3163 benC GCTATGTCACCCAGCACA AGCCGCAAACTTCTCGTA 155 60
PP_3164 benD CAAGTGGTGGCGGTAGAC ATGGACGAGACATTGACGA 317 60
PP_3165 benkK GCCATCTGTTTCGCCTTGTT GCTTGGGTGCGTATTCGTTC 154 60
PP_3167 benE-2 AAACAAGAGCCCGCCACAAA CCCAGACCCAGGATGACAACT 199 60
PP_3168 benF CTGGAGGACATCTACCAACAAGG GCAGTGAACAGCGAGAAGAACG 161 60
PP_4375 fliS GATTTCTGAAGCCACTCCG CTTGCCCAGCATTACACC 127 60
— tfdC® AACTCAGGGTCGGTCGTGAT ATCGTTGGGAATCTGATATGCA 74 60
— tfdD” CGTGACGGCTACGCAGAAAGT CGCAAGGACAAAGGGACCAA 169 60
— tfdE” GGCGTGTTGGGGTATTGTCTAG CTCCTCCGTCACATAATGGTCC 180 60
— tfdF® CGGGAAGTCTATCTGCGTTGC TGCCCCATATCGTCGTCATCT 339 60

®All primers used in this study were solely designed for detection of genes when the single strain Pseudomonas putida KT2440 was used but not for cases in
which multiple species were used.

®The accession number for the genes on the pSL1 plasmid is AB050198.
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Table S2. Summary of the putative horizontally transferredege

Transferred from

IMG Gene
Locus Product Name Gene (IMG Transferred from Product  Transferred from Genome Taxonomy
Object ID
Gene Object ID)
formyltetrahydrofolate formyltetrahydrofolate Brevundimonas
PP_1943 637145348 648120599 Alpha proteobacteria
deformylase deformylase subvibrioides ATCC 15264
aminomethyltransferase, Maritimibacter alkaliphilus
PP_1944 637145349 aminomethyltransferase, putative 648279007 Alpha proteobacteria
putative HTCC2654
5,10-methylene-tetrahydrofolate Methylene-THF Gluconobacter oxydans
PP_1945 637145350 637623544 Alpha proteobacteria
dehydrogenase/cyclohydrolase dehydrogenase 621H
Aldehyde
PP_1948 637145353 benzaldehyde dehydrogenase 641560929 Caulobacter sp. K31 Alpha proteobacteria
Dehydrogenase__
short-chain Novosphingobium
oxidoreductase, short chain
PP_1951 637145356 640444617 dehydrogenase/reductase aromaticivorans DSM Alpha proteobacteria
dehydrogenase/reductase family
SDR 12444
metallo-beta-lactamase family beta-lactamase domain Xanthobacter
PP_1952 637145357 640880607 Alpha proteobacteria

protein
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PP_1949

PP_1956

PP_1950

PP_1953

PP_1954

PP_1955

PP_1947

PP_1946

637145354

637145361

637145355

637145358

637145359

637145360

637145352

637145351

oxidoreductase, GMC family

hypothetical protein

cytochrome P450 CYP199

oxidoreductase, short chain

dehydrogenase/reductase family

beta-lactamase

cytochrome P450 family protein

leucyl aminopeptidase

oxidoreductase, short chain

dehydrogenase/reductase family

642598481

637760849

638089533

645207689

645207690

645415942

637830213

643566460

glucose-methanol-choline
oxidoreductase

protein involved in
meta-pathway of phenol
degradation

cytochrome P450 CYP199
short chain
dehydrogenase/reductase

family oxidoreductase

hypothetical protein

cytochrome P450 family

protein

hypothetical protein

short-chain
dehydrogenase/reductase

SDR

Burkholderia phymatum

STM815

Burkholderia cepacia 383

Rhodococcus jostii RHA1

Streptomyces ghanaensis

ATCC 14672

Streptomyces ghanaensis
ATCC 14672
Streptomyces griseoflavus
Tu4000

Moorella thermoacetica

ATCC 39073

Chloroflexus aggregans

DSM 9485

Beta proteobacteria

Beta proteobacteria

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria

Firmicutes

Chloroflexi
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purll

anb

Fig. S1. Comparative genomic analysis of the Pseudomonadaceae family using the RECOG (Research Environment for Comparative Genomics) server.
The abbreviations of species’ names are shown at the top line (Pseudomonas putida KT2440 was in yellow), the gene names are shown at the left column
and the genes labeled with either locus number or the number of homologous genes (in the case that there are more than one homologues in the same
genome) are in dark green (P. putida KT2440) or green (other species). The species used for analysis are as followed: avn, Azotobacter vinelandii DJ; cja,

Cellvibrio japonicus Uedal07; pag, Pseudomonas aeruginosa LESB58; pap, Pseudomonas aeruginosa PA7; pae, Pseudomonas aeruginosa PAO1; pau,
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Pseudomonas aeruginosa UCBPP-PA14; pmy, Pseudomonas mendocina ymp; pen, Pseudomonas entomophila L48; pfl, Pseudomonas fluorescens Pf-5;
pfo, Pseudomonas fluorescens PfO-1; pfs, Pseudomonas fluorescens SBW25; ppf, Pseudomonas putida F1; ppg, Pseudomonas putida GB-1; ppu,
Pseudomonas putida KT2440; ppw, Pseudomonas putida W619; psa, Pseudomonas stutzeri A1501; psh, Pseudomonas syringae pv. syringae B728a; psp,

Pseudomonas syringae pv. phaseolicola 1448A,; pst, Pseudomonas syringae DC3000.
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Fig. S2. The organization of the phage 04 genome in Pseudomonas putida KT2440. The drawing of gene organization was

downloaded from the KEGG database, and the annotation was done by referring to the NCBI Gene database.
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Chapter VI
Development of a Universal Method
for RNA Extraction from Diver se Soilsand

Its Application to amoAGene Expression Study in Andosols

Summary

In an attempt to extract RNA from Andosols @aslic ash soils), which are the dominant
agricultural soils in Japan and are well knowntfair strong adsorption of RNA, extraction
buffer containing autoclaved casein was used. Usiisgbuffer, high-quality RNA was
successfully extracted from eight types of agrimalt soils that were significantly different in
their physicochemical characteristics. To detectdréal ammonia monooxygenase subunit A
gene &moA) transcripts, bacterial genomic DNA and messeRij¢A were co-extracted from
two different types of Andosols during incubationthnammonium sulfate. Polymerase chain
reaction-denaturing gradient gel electrophoresBRDGGE) and reverse transcription
polymerase chain reaction-denaturing gradient igetrphoresis (RT-PCR-DGGE) analyses
of amoA in soil microcosms revealed that only famoA genes, which had the highest
similarities to those ilNitrosospira multiformis, were expressed in these soils after treatment
with ammonium sulfate, in spite of the fact thatliiple amoA genes were present in the soil
microcosms examined. This study demonstrated tleatdsein method could be considered

as a universal method for bacterial RNA extracfrom soil.
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Since the contamination of humic substancé&NA samples, which is one of the two
major difficulties in soil RNA extraction, has ahaty been solved (Chapter 1V), another
difficulty, adsorption of RNA by soil, became owsearch target.

Skim milk has been successfully used to exdtA from Andosols (lkedat al., 2004,
Hoshino & Matsumoto, 2005). However, it was notfuksi extracting RNA from an
Andosol for unknown reasons (Hoshino & Matsumof@)?). Because skim milk is a mixture
of proteins and other materials, we speculatedalpatre protein may be better than skim
milk. In this study, we developed a new methodxivaet RNA from soil using casein as a
competitor.

The nitrogen cycle, an important biological ggss for producing human foods, involves
the consumption and conversion of fertilizers @rat added to arable land. The nitrogen cycle
includes nitrogen fixation, nitrification, and detfication reactions. Each of these reactions
requires the contribution of numerous microorgasisound in natural soil environments
(Hayatsuet al., 2008; Klotz & Stein, 2008). Thus, in order toatatine the mechanisms
involved in the nitrogen cycle in agricultural siit is necessary to garner information on soil
microorganisms. Apparently, the genes involvedhmritrogen cycle are good targets for the
study of microbial ecology. So, in this study, eegsion of a gene involved in the nitrification
process was selected as our research target tohester our RNA extraction method could

be applied to the study of microbial ecology.

Materials and methods
Soil sampling

Soil was collected from five sites in Japamfrd006 to 2009: (1) the Tsukuba campus at
the National Agricultural Research Center (Ibardkpan, 36°2'N, 140°6'E) from where
Yellow Soil (YS), Gray Lowland Soil (GLS), Cumulindosols (CA), and Low-humic
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Andosols (LHS) were collected; (2) a field at tharke Agricultural Experiment Station
(Ehime, Japan, 33°50'N, 132°46'E) from where Bréwrest Soil (BFS) was collected; (3) an
agricultural field in Kyoto, Japan (35°18'N, 135®kfrom where Brown Lowland Soll

(BLS) was collected; (4) a rice paddy in Aomoripda (40°41'N, 140°35'E) from where Wet
Andosols (WA) were collected; and (5) a rice paadyoyama, Japan (36°44'N, 137°10'E)
from where Gley Soil (GS) was collected. The prtipsrof these field soils are shown in
Table VI.1.

At each site, top soil (5—-10 cm for WA soil abetl5 cm for the other soil types) was
collected from five locations, mixed, and passedufh a 2-mm mesh sieve before storage at
—20°C (WA) or at 4°C (other soils). The soil sangpétored at 4°C were incubated at 25°C for
several days before RNA extraction, whereas thes@fples were directly subjected to RNA

extraction.

Soil analyses

The soil texture was determined using a pipegéhod (Gee & Bauder, 1986). Total
carbon, total nitrogen and pH of the soil samplesawdetermined as previously described
(Suzukiet al., 2009). The moist color of soil samples was euveallidy visual examination
under outdoor sunlight with Munsell color plateswhich a lower value or chroma indicated

a darker color.

RNA recovery from soil in the presence of casein

Total RNA fromPseudomonas putida KT2440 (a Gram-negative bacterium),
Rhodococcusjostii RHAL (a Gram-positive bacterium) and BFS soilpenmercial product of
casein (Nacalai Tesque, Kyoto, Japan), and CAxgaié used to test the RNA recovery from

Andosols. To test the ability of casein to block/&Rbinding sites on soil particles, 0.2 g of
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soil was mixed with 300 pl of a casein solution (8§ mI in 300 mM sodium phosphate,
pH 7) by vortexing and then mixed with 100 pl of RK2 ug). To test the ability of casein to
release adsorbed RNA from soil, the soil was mixéd RNA prior to mixing with the casein
solution. RNA mixed with soil was used as a contAdier centrifugation, supernatants were
subjected to phenol extraction and isopropanolipitation. RNA pellets were dissolved in
20 ul of RNase-free water. Five microliters of eaample was separated by agarose gel

electrophoresis.

Quiality control analysis of commercial casein prociu

RNase activity was evaluated by incubating iceselution (20 mg mf in 300 mM
sodium phosphate, pH 7) with 1 pug of total RNA asted fromPseudomonas putida
KT2440 cells for 2 h at 37°C, followed by agaros¢ejectrophoresis. KT2440 total RNA
dissolved in sodium phosphate buffer was usedregative control, and mixtures of total
RNA and RNase A (Sigma-Aldrich, St. Louis, MO, USR@re used as positive controls.

To examine RNA contamination in the commercagein, a casein solution (2 mg !
in 300 mM sodium phosphate, pH 7) was subjectgrhémol extraction and isopropanol
precipitation, followed by RNase-free DNase treattresd purification with a RNA Clean &
Concentrator-5 kit (Zymo Research, Orange, CA, USE\verse transcription was performed
using a SuperScript 11l First-Strand Synthesis &ystor RT-PCR (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructiomsrandom hexamer primed reactions.
Water was used as a negative control and theRMNaAl extracted from GS soil was used as a
positive control.

A bacterial 16S rRNA fragment and an eukaryd88 rRNA fragment were amplified
by PCR using the primers F984-(BACGCGAAGAACCTTAC -3) and R1378 (5

CGGTGTGTACAAGGCCCGGGAACG -3 (Costa et al. 2006) and the primers NS1 (5
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GTAGTCATATGCTTGTCTC -3) and Fung (5 ATTCCCCGTTACCCGTTG -3 (Mayet al.,
2001), respectively. The PCR products (approxingat@D bp for 16S and approximately 390
bp for 18S rRNA) were separated on 2% agarose getsthe images of ethidium bromide
(0.5 ug mr) stained gels were acquired with a FAS-IIl gel gimg device (Toyobo, Osaka,

Japan).

Nucleic acid extraction from soil

An RNA extraction buffer was prepared by dissa casein in a sodium phosphate
buffer (300 mM, pH 7), followed by autoclaving &1FC for 20 min. The optimum
concentration of casein for efficient RNA recovergs determined for each soil type. RNA
was extracted from 2 g of soil sample as follows:

(i) After adding 2 g of glass beads (diamet&2mm; BioMedical Science, Tokyo,
Japan) and 4 ml of the RNA extraction buffer (poeled on ice) to 15-ml plastic tubes
containing soil samples, beads beating was perfdiige/ortexing at the maximum speed on
a vortex adaptor (Mo Bio, Carlsbad, CA, USA) fomih to disrupt microorganism cells,
followed by centrifugation at 10, 00@*or 5 min. The supernatant was subjected to phenol
extraction, phenol/chloroform/isoamyl alcohol ektran, and precipitation at room
temperature with a 0.1 volume of sodium acetatd,(BH 5.2) and a 0.7 volume of
isopropanol.

(i) Subsequent purification with a column fr@enPowerSoil Total RNA Isolation Kit
(Mo Bio, Carlsbad, CA, USA) and a MicroSpin S-40R Bpin column (GE Healthcare, Little
Chalfont, UK), DNase digestion with a TURBO DNA-&®Nase (Ambion, Austin, TX,
USA), and concentration with a Zymo Research RN&a@l& Concentrator-5 kit were
performed according to the manufacturers’ instargi Absorbances of RNA samples at 320

nm, 340 nm, 350 nm, and 465 nm, which were detexthin be appropriate methods for
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humic acid measurements (Chapter IIl), were medsusang UV-Vis module in a NanoDrop
ND-1000 UV-Vis Spectrophotometer (Thermo Scienti¥iilmington, DE, USA).

To co-isolate DNA and RNA from the same soihpée, after eluting RNA from the
PowerSoil column, DNA elution from the same coluwas performed using an RNA
PowerSoil DNA Elution Accessory Kit (MO BIO), foleed by purification with a MicroSpin
S-400 HR column and a DNA Clean & Concentratordbimm (Zymo Research, Orange, CA,

USA).

Measurement of nitrogen in incubated soil microcosm

To detect ammonia-oxidizing bacterial ammon@nooxygenase subunit A gene (AOB
amoA) transcripts in agricultural soils, a model systeas established by incubating soil
microcosms amended with ammonium sulfate. CA and kbils were incubated
independently. Four hundred grams of soil was peetbhated at 30°C for a week. At the end
of this pre-incubation period, 300 g of soil waseatied with an ammonium sulfate solution
(0.4 mg NH-N g * dry soil and 60% of the maximum water-holding @pa. Fifteen grams
of amended soil was transferred to a glass flagksail microcosms were incubated at 30°C
for 8 days. Every two days, distilled water wasetltb the incubated soils to compensate for
evaporation. Soil was sampled after incubatiorOfdt, 4, and 8 days. NFHN and NQ-N
(NOs-N plus NQ-N) in 5 g of soil were extracted with 20 ml of 2RCI for 1 h and their

concentrations were determined with an Autoanal{zehAtro 2HR (BLTEC, Osaka, Japan).

PCR-DGGE and RT-PCR-DGGE analysis of the A@B10A
Total RNA (approximately 300 ng) extracted fr@rg of incubated soil was reverse
transcribed as described above, followed by cDN#figation with a DNA Clean &

Concentrator-5 column. The AC#NoA was amplified by PCR using the primers
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AmoA-1F-GC Clamp
(5-CGCCCGCCGCGCCCCGCGCLCCGTCCCGLCCGLCCLCCGLCCCGGEEETTTI™
GTGGT -3’) and AmoA-2R-GG (5-CCCCTCGGGAAAGCCTTCTT@A). A50-ul PCR
reaction mixture comprised 0.4 uM of each priméf) AM of each deoxynucleotide
triphosphate, 5 pl of 108x Taq buffer (20 mM Mg" plus), 1 pl of bovine serum albumin (20
mg miY), 2.5 U ofEx Tag polymerase (Takara Bio, Otsu, Japan), 3 pl of BbiRA (1/10 the
total volume of the DNA extracted from 2 g of sal)10 pl of purified cDNA (converted
from Y% the total volume of the RNA extracted frorg @f soil), and sterile water. The PCR
reaction conditions were as follows: 5 min at 94464 30 cycles of 30 s at 94°C, 30 s at
60°C and 1 min at 72°C, followed by 5 min at 72B@naturing gradient gel electrophoresis
(DGGE) analysis was performed as previously desdr{Chuet al., 2007). The
RT-PCR-DGGE bands detected and the correspondiRy[PGGE bands were excised and

suspended in 20 pl TE buffer. After overnight inatibn at 4C, 1ul of the supernatant was

used as the template DNA. PCR was performed asided@bove except that bovine serum
albumin was not added. PCR products were appli@IGE again to verify its migration.
After purification with QIAquick PCR Purification iK(Qiagen), DGGE band sequencing was

performed by Hokkaido System Science Co., Ltd. (®ap, Japan).

Phylogenetic analysis

The sequences obtained from reverse transamypiblymerase chain reaction-denaturing
gradient gel electrophoresis (RT-PCR-DGGE) analg&ing with the nucleotide sequences of
amoA retrieved from the NCBI database were alignedheMAFFT server
(http://mafft.cbrc.jp/alignment/server/index.htrahd trimmed with BioEdit version 7. The
processed sequences containing 138 amino acidiessper sequence were used to construct

a neighbor-joining tree with the Jones-Taylor-Thomamino acid substitution model in
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MEGA version 5 (Tamurat al., 2011).

Nucleotide sequence accession numbers
The nucleotide sequencesanfoA determined in this study were deposited in the

GenBank/EMBL/DDBJ databases under accession numiBx$9960-AB719971.

Results

RNA recovery from soil in the presence of casein

Skim milk has been successfully used to exdtA from Andosols (lkedat al., 2004,
Hoshino & Matsumoto, 2005). Casein, the major pnoite skim milk, can also be used to
extract DNA from Andosols (lkedet al., 2008). Thus, we investigated if casein could also
used to extract RNA from Andosols. The RNA that wdded to an Andosol sample
pre-incubated with casein could be recovered iteggiits origin (Fig. VI.1A, B and C). This
suggested that casein was a good competitor faesaful RNA extraction from Andosols.
However, once adsorbed by Andosols, it was diffiturelease RNA from soil particles with
casein (Fig. VI.1A, B and C). These results suggkdtat the binding between an Andosol
and RNA is much stronger than that between an Asldosd casein. Thus, during RNA
extraction from Andosols, casein can prevent RNgoggtion by an Andosol only before
RNA is released from cells. An extra rRNA band {@aded by an arrow in Fig. VI.1B) could
be seen in the RHAL1 RNA sample because RNA wakewmitdenatured prior to be loaded on
gel, which is a phenomenon reported in the Chdptler the RNA samples recovered from
the soil pre-incubated with casein, a band withhhgplecular weight (indicated by
arrowheads in Fig. VI.1A B and C) could be seemels. Such a band was also observed in
the sample of soil pre-incubated with casein attisence of foreign RNA (indicated by an
arrowhead in Fig. VI.1D), and disappeared afteulpation with DNase (data not shown).
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These suggest that it could be extracellular DNAgDNA) in soil.

Quiality control of casein for RNA extraction fromadl
Because the commercial casein used was noamgiiead to be RNase-free and the

existence of RNase activity in the soil RNA extractbuffer could disrupt RNA integrity, we
examined if this commercial casein had RNase agtiks shown in Fig. VI.2A, strong
RNase activity was detected in the casein solutidnich is almost similar to RNase A
activity at a concentration of 1 pg thiHowever, after autoclaving, RNase activity was
undetectable in the casein solution (Fig. VI.2Bg Méted that the 23S rRNA band of the
RNA mixed with autoclaved casein ran more slowbrtlthat of controls (Fig. VI.2B). This
suggested that binding between RNA and casein baarieed during incubation. After phenol
extraction, the RNA samples showed normal baneépett(Fig. VI.2B), indicating the
complete separation of RNA from casein. During hextraction, the loss of RNA due to
presence of casein was negligilppe=(0.51; paired-test, n = 3).

Next, we investigated if this commercial cadeid RNA contamination using RT-PCR
analyses with the casein extract as a templatehdgn in Fig. VI.3A and B, 16S and 18S
rRNA were not detected in the casein extract, alindboth were detected in the positive

controls.

RNA extraction from diverse soils

The optimum concentration of casein for eachtgpe was investigated by extracting
RNA from each of the eight soil types using RNAragtion buffers containing different
concentrations of casein. As shown in Table Vlighlguality RNA was successfully
extracted from BFS and GS soils in the absencas#in, whereas the other soils required

different amounts of casein in the extraction lngffén particular, in the absence of casein,
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RNA extraction failed for the four soil types: GL'$S, LHA, and CA. Thus, these were
challenging soils for successful RNA extraction.

Using the optimum concentrations of caseirhedxtraction buffers, the RNA extracted
from soils showed the highest RNA yields with levéls of humic acids. The QE, ODza,
OD3s0, and ODgs readings were lower than 0.01 for all soil RNA gées (final volume = 10
ul per sample), indicating high purity for the RNAmples. The integrity of the RNA
extracted from all eight soil types using the opiimcasein concentrations was examined
using a 2% agarose gel (Fig. VI.4A). All RNA sang#ihowed clear rRNA bands.

The RNA extracted from GS soil showed one tlhiakd corresponding to the large
subunit rRNA and two bands corresponding to thellssnaunit rRNA. Based on the sizes of
these bands, eukaryotic 18S rRNA and 28S rRNA legth lzo-extracted with prokaryotic
RNA from this soil. Using these RNA samples as tiatgs, a fragment of bacterial 16S rRNA
was successfully amplified in all RT-PCR reacti@ifig). VI.4B), suggesting that the quality

of these RNA samples was sufficiently high for detwveam molecular biological analysis.

Identification of the AOB amoA in two Andosols

To examine induced bacterial gene expressiog UBNA extracted from Andosols, the
most challenging of these soils, we incubated tvougs of soil microcosms (CA and LHA)
amended with ammonium sulfate and performed PCR-B@@&l RT-PCR-DGGE analyses
that targete@moA, the gene encoding the ammonia monooxygenase isébiarAOB. In
both soil microcosms, with the consumption of ammonsulfate, the levels of nitrate/nitrite
gradually increased (Fig. VI.5A), which indicatéxt nitrification had progressed in these
soil microcosms.

Because the first step in nitrification, thengersion from ammonia to hydroxylamine, is

catalyzed by ammonia monooxygenase, the increasetldf nitrification could have resulted
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from the induced expression of the gene encodiisgetizyme. As shown in Fig. VI1.5B,

amoA transcripts were detected in both soil microcoafter four days of incubation. By
PCR-DGGE analysis, multiple bands were detecteshgu@ight days of incubation, but only
one (from the CA soil microcosms) or two (from ttéA soil microcosms) bands were
detected by RT-PCR-DGGE analysis (Fig. VI.5B). hessults suggested that multiple AOB
amoA genes were present in both soil microcosms, biytare (from the CA soill
microcosms) or two (from the LHA soil microcosmghgs showed induced expression in
response to treatment with ammonium sulfate.

The upper bands (bands 1-8 in Fig. VI.5B) weeatical to each other in terms of their
sequences (431 bp in length), as were the lowatd@rands 9-12 in Fig. VI.5B). Both
sequences were grouped into cluster 3a of betagivatterial AOB (Fig. VI.6). BLASTN
searches against the KEGG GENES database (http/yanome.jp/tools/blast/) and the
NCBI Genomic BLAST database (http://www.ncbi.nInm.igiov/sutils/genom_table.cgi)
indicated that these two sequences had the higmesarities (94% for the upper band and

95% for the lower band) to threenoA genes irNitrosospira multiformis ATCC 25196.

Discussion

Utilization of autoclaved casein during RNA extrach from soil

In this study, we found that casein could beduss a competitor of RNA to aid in RNA
recovery from Andosols. Casein possibly blockedRNA binding sites on soil particles, but
was not involved in the release of adsorbed RNAfswil particles (Fig. VI.1). Casein,
which is abundant in cow milk (Van Slyke & Boswaqrfl915), is a family of phosphoproteins,
includingasy-, asx, B- andk-casein, with molecular masses of approximatelik[3a (Strange
et al., 1992) and isoelectric points (pl) of approximgilé (Michaelis and Pechstein 1912).
The degradation temperature for casein is 180°Qébkal, 2007)B-casein, the major
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component of casein, behaves as a non-compactegelyl flexible structure at

approximately 100°C (Holt & Sawyer, 1988). Thus temperature routinely used for
autoclaving (121°C) has no effect on casein stgbiihereas RNase can be inactivated under
these conditions. The autoclaved commercial cadsmhad undetectable levels of RNase
activity (Fig. VI.2). In addition, casein can betained at large scale and low cost because it
is currently the cheapest pure protein on the ntaitkie only a small fraction of the cost of
other commercial proteins. Thus, autoclaved casaitd be an ideal competitor for RNA
extraction from soil.

To completely dissolve casein, the pH of RN&a&stion buffers should be far from the
pl of casein. It is known that RNA adsorption bsyd decreases with increase in pH of soil
suspensions (Goring & Bartholomew, 1952; Taylor &sah, 1979); thus, a high pH is
preferable for increasing the RNA yield. Howevehigh pH RNA extraction buffer results in
greater release of humic acids from soil than apéiras shown in the Chapter IV, thus, a low
pH is preferable to control humic acids contamorain RNA samples (Mettet al., 2010).

As a balance for these concerns, a neutral pH {pkhich also allows casein to be dissolved
completely, could be the optimum condition.

Because different soil types have differentgatgchemical characteristics, the
adsorption characteristics of soils are also exguetr be different. Here, we investigated the
optimum concentrations of casein required for sssfteé RNA extraction from diverse,
challenging soils. As shown in Table V1.2, basedl@amount of casein required for
successful RNA extraction, half of the soils exasdinvere challenging soils. Among these,
two Andosols (CA and LHA) were considered to bertiwst challenging. To our knowledge,
this is the first trial in the world to quantitagily characterize challenging soils for successful
RNA extraction. Thus, these results could be usea@f@rences for the study of other soil

types or the same soil types in other countries.
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The mechanism behind RNA adsorption by soil

RNA adsorption by soil is caused by both cherénd physical characteristics of soil. It
has been known that high soil pH was helpful forAR¥&covery from soil, whereas presence
of divalent cations (Ga and Md") resulted in low recovery of RNA(Goring & Barthohew,
1952; Taylor & Wilson, 1979). A recent study reaxhthat humic acids strongly adsorbed
DNA (Saeki et al. 2011), thus it is likely that higracids also adsorb RNA as concerned
previously (PerSokt al., 2008). Although a recent report suggested treatky content was
one of the causes for RNA adsorption by soil (Newak & Filion, 2011), the composition of
clay may also contribute to RNA adsorption. It basn reported that different clay fractions
have different adsorption capacities for RNA, amel arder of adsorption capacity was
bentonite > illite > kaolinite (Goring & Bartholome 1952). Taken together, the adsorption
capacity of a certain soil should be an integragsallt caused by all of the chemical and
physical characteristics of the soil. The effecadfingle factor could be seen only in the case
that all of the other factors of the soils for carpon contribute almost equally. Because we
used diverse soils with quite different physicocleincharacteristics in the current study;, it
is reasonable that different soils required diffiiki@mount of casein for RNA extraction (Table
V1.2), and that Table VI.2 did not show a cleaat®inship between soil characteristics (e.g.,

soil clay content) and RNA recovery.

Importance of detection of bacterial mMRNA in soil

In our RT-PCR-DGGE analysis of the A@BI0A, two sequences similar to those of
amoA in beta-proteobacterial AOBN\{trosospira multiformis ATCC 25196) were identified to
be responsive to treatment with ammonium sulfat&LASTN searches against the NCBI

Non-Redundant Nucleotide Collection database (fitlpst.ncbi.nim.nih.gov/Blast.cgi), we
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found that each of these had one identical sequédestities = 100%).

The sequence (Accession number: EF207192)iadnd that of the upper bands
detected in two Andosols in Japan (Fig. V1.5B) whgined from a red soil (FAO: Agri-Udic
Ferrosols) in China (Het al., 2007). The sequence (Accession number: AB621diERical
to that of the lower bands detected in one Andwsdapan (Fig. VI.5B) was also obtained
from an Andosol in Japan, although the field usedsbil sampling was different (Shimomura
et al., 2012). It might be interesting to investigate ggaphic distribution of these two AOB
amoA genes.

Although our PCR-DGGE analysis detected thegmee of multipl@moA genes in
these soil microcosms, it was difficult to deterenimhich was responsive to the treatment
with ammonium sulfate. Nevertheless, our RT-PCR-[EGRalysis clearly detected
responsive genes. Thus, to obtain information iggrwhich bacterial gene is important in
the nitrogen cycle in soil, it will be necessarystovey the bacterial genes that are responsive

to changes in a nitrogen source using soil RNArigples.

In this study, we successfully detected baat@enRNA in two Andosols using a new
method for RNA extraction from soil. The differenoetween the new method and our
previous method described in Chapter IV is thatetkteaction buffer in the current method
contained casein and no guanidine or SDS. The mehsbd guanidine and SDS were not used
in the new method is that they may interact witbeta so that the effect of casein might be
reduced. This method was applicable for both Antlasd non-Andosol soils. To our
knowledge, we are the first to report the detectibmRNA in Andosols. The eight soil types
that were tested for RNA extraction in this studsrevclassified into major soil groups that
cover 90% of the agricultural lands and forest taimdJapan, and 40% agricultural land on the

earth. Therefore, we believe this method has grei@ntial for application to a broad
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spectrum of studies as a universal method. Moredtiversuccessful application of this
method for detecting the AO&MOA transcripts in two Andosols is a good example for

showing the importance of detecting bacterial RNAail.
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Table VI.2 Optimum casein concentrations in RNA extraction buffers

Soils Casein concentration (mg g wet soil)

0 10 20 40 60
Brown Forest Soil (BFS) O + + + NA
Gley Soil (GS) (@) + + - NA
Brown Lowland Soil (BLS) + 0] + + NA
Wet Andosol (WA) + O + - -
Gray Lowland Soil (GLS) - - O + NA
Yellow Soil (YS) - - O + NA
Low-Humic Andosol (LHA) - - - (0] +
Cumulic Andosol (CA) - - - (0] +

-, no detectable RNA; + low RNA yield; O, highest RNA yield; NA, data not available.
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Fig. VI.1 Nucleic acids recovery from an Andosol pre-incubated with casein at the presence of total
RNA from a Gram-negative bacterium (A), a Gram-positive bacterium (B) and BFS soil (C), or at the
absence of foreign RNA (D). RNA: RNA not mixed with soil or casein; Soil + RNA: soil was mixed with
RNA; (Soil + casein) + RNA: soil was mixed with casein before mixing with RNA; (Soil + RNA) + casein:
soil was mixed with RNA before mixing with casein. An arrow indicates an extra rRNA band in an RHA1

RNA sample, and arrowheads indicate the bands of extracellular DNA in soil.
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Fig. VI.2 RNase activities of (a) non-autoclaved casein and (b) autoclaved
casein. “Phenol-extracted RNA” indicates the RNA that was extracted with

phenol from a mixture of RNA and autoclaved casein.
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Fig. VI.3 Evaluation of RNA contamination in casein. (A) RT-PCR detection of
16S rRNA in casein. (B) RT-PCR detection of 18S rRNA in casein. Duplicate

casein extracts were examined in both experiments.
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Fig. V1.4 (A) Agarose gel electrophoresis of the RNA samples prepared
from diverse soils. M: RNA size marker. (B) Agarose gel electrophoresis

of the RT-PCR products amplified from 16S rRNA transcripts.
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Fig. VL5 (A) Nitrogen levels of ammonia and nitrate/nitrite in the CA and LHA soils during
incubation. (B) PCR-DGGE and RT-PCR-DGGE analyses for the AOB amoA in the

incubated soil microcosms.
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Fig. V1.6 Phylogenetic tree of amoA based on their partial sequences (138 amino acid

residues). The scale bar indicates the number of substitutions per amino acid position.
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Chapter VII

Conclusions and per spectives

Until now, no method of RNA extraction from lsoould be used to fit all research
purposes. Thus, significant efforts are still regdito develop a universal method, which is
expected to facilitate researchers in generatimgpawable data worldwide.

During the past six years, we developed a nethad to extract high quality and high
purity bacterial RNA from diverse soils. The soMR extracted with this method has been
successfully applied to different technical platisrfor analyzing bacterial gene expression,
which included real-time RT-PCR, genome-wide micrayg and RT-PCR-DGGE analyses.
Because the soils we tested covered the majogsmips in Japan and about 40% of the
agricultural lands on the Earth, we believe thishud has great potential to be used
worldwide.

However, we still think there is a room for é&ping this technique. As stated in the
motto of the Zymo Research Corporation (Irvine, CISA), “The beauty of science is to
make things simple.” Thus, we believe that the “rm@nsion” of a universal method should be
as simple as possible so that it can be mastereelgoyar researchers without much
experience with RNA experiments. To reach this gibal removal of humic substances
should be as simple as possible without loss dfipation power. Because biologists have
already spent two decades improving the methodaddd®NA extraction from soil, it is
apparently difficult to simplify the purificationrpcedures based on the current technologies.
This may require contributions from chemists orgbigts to develop new technologies.

Although we have already tested diverse soil&INA extraction, much more soil

groups should be tested in the future to generatera powerful technique. For this purpose,

119



RNA extraction from diverse soil groups collectedridwide is required. Because it is
difficult to conduct such a systematic test fot@cal, economic, and political reasons, the
“final version” of a universal method for RNA exttaon from soil seems to be far from us.
Gene expression, as an important tool in theysof soil microbial ecology and
physiology, can be expected to be more popularafimeof the ease of use than before) and
more important (because more new information cbeldbtained) with the development of
methods of bacterial RNA extraction from soil. déiubd be expected that this technique will be
applied to the detection of bacterial responsédeid soils to various treatments (e.g.,
fertilization, waterlogging, etc.) and various cpas of the environment (e,g., heavy rain,
drought, etc.). In the current method, 2-5 g of saiequired for processing. If the amount of
soil for processing could be reduced, e.g., leas thg, this technique could be used to
investigate the bacterial information at a higlesotution along the soil depth, or even in the

soil aggregates, which will open a new door fotaiearn the bacterial behavior in soil.
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List of Abbreviations

3-CB: 3-chlorobenzoate;

5’-AMP: Adenosine-5’-phosphate;

6FAM: 6-carboxyfluorescein;

BSA: Bovine serum albumin

CTAB: cetyltrimethyl ammonium bromide

DEPC: Diethylpyrocarbonate;

DGGE: Denaturing gradient gel electrophoresis;

FDR: False discovery rate;

HPD: 2-hydroxypenta-2,4-dienoate;

ORFs: Open reading frames

PCR: Polymerase chain reaction;

PVPP: Polyvinylpolypyrrolidone;

gRT-PCR: Quantitative reverse transcription-polyaserchain reaction;
RT-PCR: Reverse transcription-polymerase chaintigc

TAMRA: 6-carboxytetramethylrhodamine.
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Summary

Detection of bacterial gene expression inawierged in the early 1990s and provided
information on bacterial responses in their origswl environments. As a key procedure in
the detection, extraction of bacterial RNA froml $@is attracted much interest, and many
methods have been reported in the past 20 yeaasldition to various RT-PCR-based
technologies, new technologies for gene expresaiatysis, such as microarrays and
high-throughput sequencing technologies, have tgckaen applied to examine bacterial
gene expression in soil. These technologies avendrimprovements in RNA extraction
protocols. However, until now, no commercial kitnoethod could be considered as a
“universal” method, by which RNA could be extracteain diverse soil.

1) A trial to detect bacterial gene expression in a sterilized soil inoculated with a
Rhodococcugostii RHA1 strain

Under such a situation, we tried to developiaarsal method for extraction of bacterial
RNA from soil. As a first trial, we set up a newtmad by combination of several commercial
kits. Using this method, we extracted RNA fromexiized soil inoculated witfRhodococcus
jostii RHAL, a biphenyl degrader isolated frgahexachlorocyclohexane-contaminated soil.
Data from agarose gel electrophoresis indicatetthigaextracted RNA was purified properly.
This new method can be applied easily in the pedjmar of large amounts of RNA. Real-time
reverse transcription-polymerase chain reactionfiCR) experiments performed with the
TagMan method suggested that tiphAa gene in this strain, which is involved in the
degradation of biphenyl, was induced in the biphanyended soil.

2) Evaluation of methods deter mining humic acidsin soil RNA samples

It has been known that even small amounts ofibgubstances may affect the detection
of gene expression. However, we did not know howmwmic substances remained in soll
RNA samples. To select a proper method for measemenf humic substances, we compared
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the sensitivity of various methods for measurenaéhiumic acids, and influences of DNA,
RNA and proteins on the measurement. Data sugtiegtboth ultraviolet/visible
spectroscopic and fluorescence spectroscopic metredreliable to determine the quantity
of humic substances in RNA samples. Consideringdhbelts, we also give suggestions as to
choice of methods for measurement of humic aciasatecular biological analyses.
3) Optimization of the conditions to remove humic substances from soil RNA samples

Then, the soil RNA extraction method was imga¥y optimization of lysis conditions
and purification columns, to efficiently remove higraubstances that may hinder enzymatic
reactions of extracted RNA. Fluorescence spectmsconfirmed efficient removal of both
humic and fulvic acids by the improved method. $hasitivity of detection by real-time
RT-PCR increased 10-fold compared with that udegprevious method. Using this method,
we extracted RNA from a sterilized field soil, whiwas inoculated witPseudomonas putida
KT2440 transformed with a chloroaromatic degragifemid, in the presence or absence of
3-chlorobenzoate (3CB). Real-time RT-PCR performgidg the extracted RNA as a template
confirmed the induction of chloroaromatic degradgemes in 3CB-amended soil. Thus, this
improved method is suitable for the extraction di/Ao detect gene expression in soil.
4) Microarray analysis of global gene expression in Pseudomonas putidg T 2440
growingin a sterilized soil

Next, we examined whether the RNA extractechfemil with this improved method was
suitable for microarray analysis. For this purpagmome-wide scanning of gene expression
by microarray techniques was performed on RNA ex#hfrom sterilized soil inoculated
with Pseudomonas putida KT2440/pSL1, which contains a chloroaromatic ddgrg plasmid,
in the presence or absence of 3-chlorobenzoic(8€&). The genes showing significant
changes in their expression in both the triplicateroarray analysis using amplified RNA

and the single-microarray analysis using unampliRNA were investigated. Pathway
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analysis revealed that the benzoate degradatidmvpgitunderwent the most significant
changes following treatment with 3CB. Analysis lthea categorization of differentially
expressed genes against 3CB revealed new findbws ¢he cellular responses of the
bacteria to 3CB. The genes encoding"#K antiporter complex, a universal stress protein,
two cytochrome P450 proteins and an efflux trangpavere upregulated. The downregulated
expression of several genes involved in carbon Inoditan and the genes belonging to a
prophage in the presence of 3CB was observed.siinty demonstrated the applicability of
the method of soil RNA extraction for microarrayafysis of gene expression in bacteria
growing in sterilized soil.

5) Development of a universal method for RNA extraction from diver se soilsand its
application to amoAgene expression study in Andosols

In an attempt to extract RNA from Andosols (vol@aash soils), which are the dominant
agricultural soils in Japan and are well knowntfair strong adsorption of RNA, extraction
buffer containing autoclaved casein was used. Usiisgbuffer, high-quality RNA was
successfully extracted from eight types of agrimalt soils that were significantly different in
their physicochemical characteristics. To detectdréal ammonia monooxygenase subunit A
gene &moA) transcripts, bacterial genomic DNA and messeRij¢A were co-extracted from
two different types of Andosols during incubatiortrvammonium sulfate. Polymerase chain
reaction-denaturing gradient gel electrophoresGRIDGGE) and reverse transcription
polymerase chain reaction-denaturing gradient iget®phoresis (RT-PCR-DGGE) analyses
of amoA in soil microcosms revealed that only famoA genes, which had the highest
similarities to those ilNitrosospira multiformis, were expressed in these soils after treatment
with ammonium sulfate, in spite of the fact thatltiple amoA genes were present in the soil
microcosms examined. This study demonstrated hieatdsein method could be considered

as a universal method for bacterial RNA extracfrom soil.
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After six years effort, | have successfully d®ped a universal method for RNA
extraction from diverse soils including the mosalidnging soil, Andosols, by using
autoclaved casein and getting rid of humic substsedficiently. The soil RNA extracted with
this method has high quality and high purity, aad heen successfully applied to different
technical platforms including gRT-PCR, genome-wideroarray, and RT-PCR-DGGE
analyses. It could be expected that this technigjlidoe applied to a wide range of research

area in the soil microbiology and microbial ecology
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