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ABSTRACT

Soil that is suppressive to disease caused by fungal pathogens is an interestentpsanget
for novel chitinases that might be contributing towards disease suppressios shudy we
screened for chitinase genes, in a phytopathogen-suppressive soil in tyge&)viieom a
metagenomic library constructed from microbial cells extracted §min2) from directly
extracted DNA and 3) from bacterial isolates with antifungal and chitinéiséies.
Terminal-restriction fragment length polymorphism (T-RFLP) of chiengesnes revealed
differences in amplified chitinase genes from the metagenomic libmdrtha directly
extracted DNA, but approximately 40% of the identified chitinase termasatiction
fragments (TRFs) were found in both sources. All of the chitinase TRFs frasotates
were matched to TRFs in the directly extracted DNA and the metagenorarg.libhe most
abundant chitinase TRF in the soil DNA and the metagenomic library corresponbed to t
TRF® of the isolateStreptomyces mutomycimnd/orStreptomyces clavifelhere were
good matches between T-RFLP profiles of chitinase gene fragments didtamedifferent
sources of DNA. However, there were also differences in both the chitinase and the 16S
rRNA gene T-RFLP patterns depending on the source of DNA, emphasizing the lack of

complete coverage of the gene diversity by any of the approaches used.



INTRODUCTION
Exploitation of the previously hidden members of the soil microbiota is a focus of current
research interest in the hunt for novel bioactive molecules beneficial in mediciastry and
agriculture, for reviews see (Handelsman, 2004; Sjadtreg.,2007).For example, some soils
are naturally suppressive towards plant diseases and microorganisnseiadieare often
proposed to be the cause of suppressiveness (Borneman and Becker 2007; $teahberg
2007). Therefore, there is considerable commercial and research interelsttionof the
microorganisms, or the bioactive compounds that might contribute to disease sappress
Biological control methods have been recommended to replace chemical caritrotis
since these are more economical and environmentally sustainable (Fravel, 206-H
Estrella & Chet, 1999). One example of a biological mechanism for suppressimyaf f
pathogens in suppressive soils is that of microbial chitinase activity (Cletralin1997;
Downing and Thomson, 2000; Kobayashal.,2002) and chitinases (or chitinase-producing
microorganisms) have a potential application for biocontrol of plant diseases.

Chitinases belong to the group of glycosyl hydrolases, either family 18, or 19.
Family 18 is further subdivided into A, B or C based on amino acid sequence siesilafiti
the catalytic domains (Henrissat & Bairoch, 1993; Karlsson & Stenlid, 20Q0#jnases
hydrolyze chitin, which otherwise is rather resistant to degradation, to aeridizi#ion of the
end products as an energy-, carbon- and/or nitrogen source (Gooday, 1990; Wileaalson
2000; Lindahl & Finlay, 2006). This is an important step in the biogeochemical cpéling
carbon and nitrogen in the environment. In soil, chitin is widely distributed withintinsec
bodies and fungal cell walls (Gooday, 1990). Conventional molecular screening approache
have identified chitinase genes within aquatic (Rameiath.,2000; Hobekt al.,2005) and

soil environments (Metcalfet al.,2002; Williamssoret al.,2000; Uchiyama & Watanabe,



2006; LeCleiret al.,2004). However, only a few studies have used a metagenomic approach
to identify chitinase genes (Cottrell al.,1999; LeCleiret al.,2007).

Metagenomics offers access to functional genes in uncultured represeraétive
the microbiota and has previously facilitated the characterization ofdargemic regions or
even complete genomes of uncultured bacteria (Roatlah, 2000; Gillespieet al.,2002;
Tringeet al.,2005) and access to novel bioactive products (Sj@lirad.,2007; Hardeman &
Sjoling, 2007). Soil metagenomics typically involves the isolation and purification lof hig
molecular weight (HMW) DNA followed by cloning into a library and sequencing, or
alternatively direct sequencing usin’{j' generation sequencing platforms. A clone library has
the advantages of facilitating functional, expression-based screening anadcsag|oélong
contigs (Rondort al.,2000; Sj6linget al.,2007).

We have previously (Hjokt al.,2007) used the molecular fingerprinting
techniques, terminal restriction fragment length polymorphism (T-RBbh&)denaturing
gradient gel electrophoresis (DGGE) to study changes in bacterialwaitres in response to
chitin amendment in a soil reported to be suppressive towards clubroot disease caused by
PlasmodiophorgWorku & Gerhardson, 1996). We found that after chitin addition to the soil
the relative abundances of known chitin-degrading genera s@érskoviaKitasatospora
andStreptomycespecies increased dramatically and became dominant both in the total and in
the actively growing bacterial community. Also, a number of isolatdsamtifungal and
chitinase activity were obtained from this soil (Adeshal.,2007).

The aim of this study was to screen for chitinase genes in the suppressive soll
using a combination of molecular approaches. To begin with we searched for clyénase
in the bacterial isolates previously obtained from the soil with known chitinasentifushgal
activities (Adesinat al.,2007). We also used T-RFLP (Let al, 1997; Brakeet al.,2001)

to screen DNA directly extracted from the same soil. Finally, we pre@ai@smid library



and screened the resulting soil metagenome for chitinase genes. Thiis shadfirst to
compare these different sources of DNA from the same soil. We found surprgoagly
agreement between the different sources of material for the dominant chygmesedetected,
but some differences were also found indicating that specific biases neetkermeto
account for each method. These results should lay the groundwork for making informed
decisions about the appropriate source material to use in other studies thatcaeartds

specific functional genes in environmental samples.

MATERIALS AND METHODS

Soil sampling

The soil (clay loam, pH 6.9 and an organic carbon content of 1.48%) was sampled from a
field at the Swedish University of Agricultural Sciences in Uppsala, Smed@ctober 2003
and July 2004 as previously described (Hgtral.,2007). The field was previously
characterized as suppressive to clubroot disease of cabbage (Worku & GerH&896pn,
Twenty soil core samples from the top 20 cm were randomly collected frons 4esitéh 5 m

by 5 m) using a core sampling device. All 20 core samples from an individual sgenved

to one composite sample, sieved through a 4 mm mesh and high molecular weight (HMW)

DNA was immediately extracted from the soil as described below.

Metagenomic library construction

The metagenomic library was constructed in fosmids using a modification mfoibedure
described by Hardeman & Sjoling (2007). The cells were extracted from df0fdeghly
collected soil as previously described (Gadioal.,2003) with the following modifications.

The soil was mixed with 100 mL 0.5% pyrophosphate buffer, pH 8.0 in a Waring blender



(Robert Bosch GmbH, Germany) for 3 times 30 s, followed by incubaticiCaig 30 min.
Soil particles were sedimented by low speed centrifugation at §A6rn20 min, at 10C.
The supernatant containing the cells was collected and transferred taentltiide. The soll
pellet was re-suspended and mixed in 50 mL CTAB (hexadecyltrimethylammdmomide)
buffer pH 8.5 (100 mM EDTA, 100 mM Tris-HCI, 0.1% SDS, 1% CTAB) using the blender
for 30 s, followed by an additional centrifugation at 500 x g for 20 min“&.10his step was
repeated. Finally all supernatants containing microbial cells exdr&cia the soil were
pooled and cells were collected by centrifugation at 10,096x 30 min at 10C. The cells
were resuspended in 2 mL TE buffer (10 mM Tris-HCl and 1 mM EDTA pH 8.Q)L12
proteinase K (20 mg/mL) and 12@ 10% SDS were added to lyse the cells during
incubation at 37C for 60 min. This was followed by the addition of 4005 M NaCl and
320uL (10% CTAB, 0.7 M NaCl) and incubation at€5for 10 min. The DNA was
recovered by gentle phenol/chloroform/isoamylalcohol extraction (25:24:1) andifated
by 1:10 volume of sodium acetate and 2.5 volumes of ethanol.

High molecular weight (HMW) DNA was separated on a 1% low-melting-point
agarose gel (GE Healthcare, Sweden) by pulsed field gel electrophBfeGIE) 20 V x 40 s,
at 6 V cm', 5-15 s switch at € for 18 h (CHEF-DR II, BIO RAD, Laboratories, UK).
DNA fragments ranging from 25 to 300 kb were excised from the gel andtegtreng-
agarase | according to the manufacturer’s instructions (New EnglatabBj Ipswich, MA)
to avoid shearing. The DNA was gently precipitated with ethanol as above. Apptelyim
500 ng of DNA was cloned into a CopyControl Fosmid vector (Epicentre, Madison, WI)
according to the manufacturer’s instructions. Fosmid clones were picked intdl96-we
microtitre-plates and grown in LB (Lauria Bertani), supplemented with dgr&L

chloramphenicol (Cm) and 7% glycerol, overnight &tQ7The 7800 clones of the original



library, stored at -8, were pooled into one sample which was used for chitinase screening
and 16S rRNA gene analysis.

The average insert size was analysed by randomly selecting 20 clarestinéh
vector was isolated by means of standard alkaline lysis and plasmid minmagiepéQiagen,
Hilden, Germanyand the insert sizes were determinedNiojt digestion (Fermentas, Ontario,
Canada). The sizes of the inserts were estimated from 1% agarose gels.

Subsequent PCR screenings of the library for the presence of chitinase and 16S
rRNA genes were made after extraction of vector DNA from the pooledddirary using

the plasmid midi prep kit following the manufacturer’s instructions (Qipgen

Direct soil DNA extraction

Triplicate soil DNA samples were directly extracted from 400 mg fraoél (collected

October 2003) by bead beating using the FastPrep for solil kit, Bio1l01 (QbiOgdskad,

CA) and a FastPrep bead beating machine (BIO101, Qbiogene) according to the
manufacturer’s instruction3 he extracted DNA had a lower average molecular weight (<20

kb) compared to the HMW DNA prepared for the metagenomic library.

DNA extraction from isolates

Genomic DNA was extracted from 18 bacterial isolates previously obtammadlie same
soil batch used for DNA extractions described above, with demonstrated chitdlidggr
capacities based on an agar plate assay (Adesala2007). The isolates were also
previously demonstrated to have antifungal activity tow&igigoctonia solanand/or
Fusarium oxysporurfAdesinaet al.,2007). Cells were lysed with 0.1 mm silica beads
(Biospec production inc., Bartlesville, OK) and two executive bead beating seppeed of

5.5 m §' for 45 sec each in the Fast prep bead beating machine and DNA was extracted usi



the Wizard Genomic DNA Purification Kit (Promeddadison, WI),according to the

manufacturer’s instructions, except for the addition of the additional lysis step.

T-RFLP of 16S rRNA genes and chitinase genes

Partial 16S rRNA genes were amplified in triplicate from DNA (poolecagextomic library
and directly extracted from soil) using bacterial forward prifbdrFAM (5-
AGAGTTTGATCMTGGCTCAG-3") 5" end-labelled with 5 6-FAM (phosphuidite
fluorochrome 5-carboxy-fluoresceiahd reverse primer 926r (5°-
CCGTCAATTCCTTTRAGTTT-3") (Weisburgt al.,1991; Muyzeeet al.,1995), as
described in Edlundt al.(2006). All primers were synthesized by Invitrod&€arlsbad, CA).

Partial family 18 chitinase genes were amplified in triplicate frooh €&NA
sample of the same source as above and in single amplifications from DNA oidbacte
isolates using forward primer ChiA_F2 (5"-CGT GGA CAT CGA CTG GGA RYQLC-3")
5" end-labelled with 5°6-FAM, and reverse primer ChiA_R2 (5-CCC AGG CGT 8GA
RRT CRT ARS WCA-3") (Hobett al.,2005). The PCR reactions were set up according to
Hobelet al. (2004) with a few modifications; primer concentration 20 pradpolymerase
2.5 U (GE Healthcare, Chalfont St. Giles, UK) (Hobkedl.,2004) and the annealing
temperature was increased t6¢@#rom 42C.

For the analysis of bacterial community structures, duplicate PCR reastoas
amplified and pooled from each of the triplicate DNA extracts from a comsusiteample
of 4 sampled sites. The duplicate amplicons were pooled, digested in patalldbetil,

Hhal andMsp (GE Healthcare) and analysed by T-RFLP (Cybergen, Huddinge, S8\vasle
described by Edlundt al. (2006). The relative abundance of each terminal restriction
fragment (TRF) was determined by dividing the area of the electropherdiyrorescent

signal for the peak of interest by the total fluorescent signal area of\ehisthe following



threshold values: lower threshold, 60 bp; upper threshold, 500 bp and a fluorescent threshold
of 50. The TRF value correspondingHocoli (TRF 498, usindgvspl) was excluded because
E. coliwas the host for the fosmid vector used, and the relative abundances of the remaining
peaks were then re-calculated for both the soil and the metagenomic librasyw&RFonly
included in the analyses if they were present in at least two of the threate=plic

For the analysis of chitinase genes, triplicate PCR products were digested i
parallel withHadlll, Hhal andMsp and analysed by T-RFLP (Uppsala Genome Centre,
Uppsala, Sweden) as described by Hgpral. (2007). Threshold values: lower threshold, 60
bp; upper threshold, 245 bp and a fluorescent threshold of 50 were applied. For assignment of
possible chitinase genes, data from all three restriction enzyme digestsondsined. The
sizes of TRF’s from T-RFLP analysis of chitinase genes of 18 bactaiates (antifungal
and chitin degrading) from the suppressive soil described in the followingrsesgre used
as references for comparison of TRFs in the T-RFLP analysis of chityeags, in DNA
from directly extracted soil and DNA from pooled metagenomic library. TRFs amdy

included in the analyses if they were present in at least two of the threate=plic

Sequencing of 16S rRNA genes and chitinase genes

16S rRNA genes were amplified from the bacterial isolates with the fompvaner 27f (5°-

AGA GTT TGA TCM TGG CTC AG-3’) and the reverse primer 1492r (5"-GGY T@XT

GTT ACG ACT T-3") using the same PCR conditions as for T-RFLP accordingtbetial.
(2007). The PCR products were sequenced with the 27f, 1492r and the 1378R (5"-CGG TGT
GTA CAA GGC CCG GGA ACG-3") primers. The partial chitinase gene wysified with

the same primer set as mentioned above for chitinase T-RFLP except foatvere primer

was unlabelled. The chitinase PCR products from all three sources (disialisted from

soil, pooled metagenomic library and bacterial isolates) were selygratified (according to



manufacturer’s instructions, Qiagene), ligated into a pCR 4-TOPO vectordgesit and
transformed into competent cells (TOP10 Chemically Compé&teruli) as described by the
manufacturer (Invitrogen). All sequencing was performed at the Uppsala @&eamire,
Sweden. The cloned partial chitinase genes were sequenced using the T75imer (
TAATACGACTCACTATAGGG-3"). Sequence identities of 16S rRNA and ch#emgenes
were determined with Blast searches in GenBank (NCBI database¢hitinase sequences
were aligned with ClustalW and a Neighbor Joining, best tree was condtwitiidhe use of

the software Macvector (http://www.macvector.com/index.html).

RESULTS

Soil microbiome metagenomic library

The soil microbiome metagenomic library comprised 7800 fosmid clones with iizesrt s
ranging between 20-40 kb with an average insert length of 30 kb covering anexs@3@it
Mbp, calculated from the average insert sizes of the clones. It has beeatasstimat 1 g of
soil may contain 4000 (Torsvit al, 1990) to 50,000 species (Roesthal.,2007). Given an
average genome size of at least 3.8 Mb (calculated from 220 fully sequenceidlbacte
genomes randomly selected from the Genomes OnLine Database), our metadjbremyic

could cover approximately 0.1% to 1.5% of the diversity in a typical soil.

16S rRNA gene sequences from bacterial isolates
16S rRNA genes (approximately 1310-1440 nt) of 18 bacterial isolates frompjhessive
soil, that were previously shown to have the combined features of antifungal actd/ityea

ability to degrade chitin (Adesiret al.,2007), were PCR amplified and sequenced (Table 2,

10



Fig. 1). Sequence alignment to known sequences in GenBank showed that 11 of the isolates
had closest identities treptomyces sppnd 9 of these isolates (Nr. IX to XVII) matched

most closely t&. claviferand/orS. mutomyciniThe rest of the isolates showed closest
matches td®>seudomona@\r. Il and 1V), Stenotrophomona@\r. V, VI and VII), Bacillus

pumilus(Nr. 1) andBrevibacteriumantarcticum(Nr. I1).

Chitinase gene sequences from isolates, the pooled metagenomic library and diretgdxtrac
soil DNA
From all isolates, except the strain identifiedPasudomonasp. (Table 2; Nr. 1), a
chitinase specific PCR product could be amplified using specific bactetialasa primers.
Most of the amplified PCR products were approximately 240 bp long, except for amlicons
277 bp from two isolates with closest 16S rRNA gene identiti&s antarcticum(Nr. 1) and
Pseudomonasp. (Nr. 1V). Not unexpectedly, all chitinase gene sequences from
Streptomyceteisolates showed closest identities to chitinase genesStmptomycetes
Phylogenetic analyses showed that chitinase genes frof thetomycinand/orS. clavifer
isolates clustered together with three different sequences in GenBankyretbkcterium
clone controll, uncultured bacterium gene for chitinaseSargptomycesp. An26) of
chitinase genes (Fig. 1). All thr&enotrophomonasolates (Nr. V, VI and VII) contained
chitinase gene fragments with closest identitiesNtymococcus xanthushitinase gene (Fig.
1). However, the chitinase genes from these isolates were also very 8185 and 96%)
to a chitinase gene fromStenotrophomonas maltophilstrain.

Clone libraries of chitinase gene fragments (240 bp) were also constructed from
amplified PCR fragments of directly extracted soil DNA and pooled metageibnairy
DNA. Sequences from both the clone library from directly extracted soil (B8Aequences)

and the pooled soil metagenomic library (29 sequences) showed similaritieséositydof

11



chitinase genes when aligned with known sequences in GenBank. None of the sequenced
chitinase gene fragments were identical on a nucleotide level to eacmthany of the
isolates.

Phylogenetic analysis (Fig. 1) showed that one sequence cluster contajned onl
chitinase sequences from the metagenomic DNA library and sequencesdiiatesi¥, VI
and VII (Stenotrophomonaspp.), all similar to a chitinase gene\dfxanthusuSC7
(AY033407), and contained no soil derived chitinase genes. By contrast, another cluster
contained only sequences from the directly extracted soil DNA and sequencésolaises |
(Bacillug) and XII (Streptomycgshat showed highest similarities to a chitinase gene
previously sequenced from an uncultured bacterium (AB361986) amplified from soéble
DNA (Terahareet al.,2009). However, a third cluster contained chitinase gene sequences
from the metagenomic library, the directly extracted soil DNA, the most dobivaaterial
isolateS. claviferand/orS. mutomycinand from two isolates @treptomyces
viridochromogenesThese sequences were similar (81-88% identity in nucleotide sequence)
to the chitinase gene described as originating from an uncultured bacterium clone
(AF455091), initially detected by molecular analysis of a chitinolytic battsommunity in
chitin-containing bags buried in grassland sites (Metedlfd., 2002). The distribution of the
sequences within this latter cluster was relatively even and the clisst@oatained chitinase
sequences of the most dominant bacterial isol&tedaviferand/orS. mutomyciiiTable 2).
A fourth cluster was smaller and contained chitinase sequences from botly eéixéeitted
soil DNA and the metagenomic library with highest similarities (82-84%eotide identity)
to a chitinase gene described as a different uncultured bacterial clor4@2343 from the

same chitinolytic community as that mentioned above (Meteaké,2002).

T-RFLP of 16S rRNA genes and chitinase genes

12



A rapid screening of chitinase genes in the pooled metagenomic library (ENAY and the
directly extracted soil DNA was performed by T-RFLP analysis. €kelts showed a
difference in TRF profiles between the DNA directly extracted froilhasid the pooled
metagenomic library DNA with an average of 42% shared TRFs betweerRReH profiles
for all three enzymedHhal, Hadll and Mspl; not shown) (Table 1 and Fig. 4).

The most dominant TRF identified in the T-RFLP profiles of both directly
extracted soil DNA and the pooled metagenomic library was ¥RBingHhal (Fig. 4). A
comparison of the T-RFLP profileBiijal) from the chitinase genes of the antifungal isolates
showed that TR corresponded to chitinase genes from the most common isolates from the
suppressive soilj. mutomyciniand/orS. clavife), that were previously demonstrated to have
both antifungal and chitin degrading activity (Fig. 1). However, this pattermeataonsistent
for all 9 of these isolates (Table 2; Nrs. IX to XVII): two of the isolatdshdit have any
detectable TRFs (Nrs. XIl and XIV), and Nr. XI had a shorter TRF f)RF

Other TRFs could be matched to some additional isolates. For exampf&! TRF
could be matched to chitinase genes from three isolates with closestaddaté
Stenotrophomonasp. (Nrs. V to VII). In addition, TRBcould be matched to the chitinase
genes of th&seudomonasp. (Nr. IV) and thd. antarcticum(Nr. 1) isolates and these
sequences were nearly identical (over 99% identical).

T-RFLP was also used to analyse the dominant 16S rRNA genes in the pooled
fosmid library (Figs. 2 and 3). The results were compared with analydss lodtterial
community structure in directly extracted soil DNA and with the 16S rRNA gageesces
of the 18 isolates from the soil. The dominant 16S rRNA gene TRFs of the pooled
metagenome indicated the presence of common soil bacteria dBabilass Paenibacillus
NitrosomonasRhizobiumandClostridium(Fig. 2). Representative TRFs of all of the

bacterial isolates (based onvitro digestion of their cloned 16S rRNA genes) could be

13



identified in both sources of DNA (pooled fosmid library and directly extracté®BiA)
with the exception of TRFs for tif&tenotrophomonasolates that were not detected in the
directly extracted soil DNA. Although there were differences in mangeofl6S rRNA gene
TRFs detected in the DNA from the pooled fosmid library compared to the direttygted
DNA (Fig. 2B), approximately 30% of the TRFs were detected in both soofr€@4$A
(Table 1, Fig. 3). This finding was enforced by the high agreement (highdregiility) in
the T-RFLP results obtained from replicate DNA samples that were athiasimeg both
approaches. We could also conclude that the expected high I&etafcontamination
(host cell for the metagenomic library) although present, did not interfdrgheitanalysis

after subtraction (Figs. 2 and 3).

Nucleotide sequence accession numbers
The 16S rRNA gene fragment sequence data was submitted to GenBank undemaccess
numbers EU864323 to EU864340 and the chitinase gene fragment data under accession

numbers EU864341 to EU864421.

DISCUSSION

In this study we used a combination of approaches to screen for chitinase genesdiish S
soil that was previously characterized to be suppressive to phytopathogens. péeecbm
results obtained from a metagenomic DNA library to those obtained from ditesatteon of
DNA from soil. In addition, we investigated a number of isolates previously obtainedfeom
same suppressive soil that were demonstrated to be antagonistic to phytopahdgens

have chitinase activity on agar plates (Adeghal.,2007). The different DNA sources

14



(pooled fosmid library, directly extracted soil DNA and bacterial isdldtlA), were screened
for chitinase genes and 16S rRNA genes by T-RFLP and cloning and sequé&naiug
knowledge, our study is the first to employ such a comprehensive set of comparisses$o a
a specific function in soil.

Previously lkedat al (2007) used T-RFLP and clone library analysis to assess
chitinase genes in bulk and rhizosphere soil from a maize field. They found novels groups of
bacterial chitinase genes and large differences in chitinasedgemsity between the bulk
and rhizosphere soil. Metagenomics has previously been used to identify chitinasmgene
aquatic environments (Cottredt al.,1999; LeCleiret al.,2007). Cottrelkt al found that
culture-dependent methods were inline with metagenomic estimations afdlacte
communities capable of chitin degradation. This is in line with our results in lseibvthe
chitinase genes of the isolates were well distributed among the clustecgiehses from
both metagenomic and directly extracted soil DNA. Also, all of the isolate’s 188 gene
sequences corresponded to TRFs and were either represented in directlgcestia@NA
or in the pooled fosmid DNA.

Nearly all of the chitin-degrading isolates belonged to known genera with
chitinase producing capacity, suchSieeptomycegloo 2005)StenotrophomongZhanget
al., 2001),Pseudomona&itamura & Kamei, 2003) anBacillus (Watanabest al.,1990).

The most common chitinase producing isolates (Adestiah,2007) corresponded .
mutomyciniand/orS. claviferand these bacteria also contained the most dominant chitinase
gene variant (Fig. 4; TRP. In a previous T-RFLP analysis of 16S rRNA genes from the
same suppressive soil we found that representatiieseafdomonaandStreptomyces

increased significantly in abundance after chitin was added to the soil ¢Hart2007) and

S. mutomycinand/orS. claviferwas predicted to be the dominant species in both the total and

active bacterial communities after chitin addition. In the present studiswéoand that

15



TRF™%that correlates to 8. mutomycinand/orS. claviferl6S rRNA gene was present in and
highly abundant in the soil. Taken together these combined results strongly sugdbst3hat
mutomyciniand/orS. claviferchitinase and 16S rRNA genes that we detected using molecular
approaches correspond to some of3treptomycespp. isolates that we obtained from the
same soil. These isolates, therefore, were most likely responsibletipas&iproduction in

the suppressive soil and they may have potential for biocontrol of some soil-borne fungal
diseases.

Previous studies have shown that the soil we studied here contains bacteria that
have the dual effect of growth inhibition Bhizoctoniaand production of chitinolytic activity
(Adesinaet al.,2007). In addition, the same soil was previously classified as suppressive to
clubroot disease caused BlasmodiophoraBoth the cell wall ofPlasmodiophorapores and
mycelia ofRhizoctoniacontain chitin (Moxhan& Buczacki, 1983Bartnicki-Garcia, 1968),
suggesting that chitinase activity would be a relevant tool in the antagarsgnal used
against these phytopathogens. loer, abiotic or other unknown biological factors could
also be the cause for the suppressiveness.

Interestingly, the clone library analyses showed that some chitieaseggoups
were specifically detected in different sources of DNA. For exambpignase genes from
two of ourStenotrophomonasp. isolates were only detected in the metagenomic library
whereas another group of chitinases were only detected in the directttexkisail DNA.
However, all bacterial isolates, except 8tenotrophomonasp. isolates that were only
detected in the metagenomic library, were represented in T-RFLP pfajibe$oth sources
of DNA.

The species prediction based on TRF length is not conclusive because more than
one species can have the same TRF length, although three differenioastrnzymes were

used in this study to increase the predictive power of the analysis. In addition, previous
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studies have shown that the T-RFLP technique does not detect all 16S rRNA genesmresent
a complex sample but identifies the most dominating populations, limiting the detetti

rare populations (Benitet al.,2007; Bankheadt al.,2004; Engebretson & Moyer,2003).
However, the T-RFLP method is very reproducible and we have previously observed that this
soil has a very similar T-RFLP temporal profile of 16S rRNA genes overelitfaeasons

(Hjort et al.,2007; Hjort unpublished results).

Optimally, both sources (metagenome and directly extracted soil DNA)dshoul
contain the same chitinase and 16S rRNA gene profiles for the same soil s&foplesger,
the DNA preparation procedure differed for these two approaches: i.e. harshdmenteff
direct extract of DNA versus a gentle HMW extraction from extractedalial cells for the
metagenomic library construction. Also, there is more loss of DNA during ptepeocé the
metagenomic library compared to directly extracted DNA. In addition,ficesacy of
cloning of different sources of DNA, the ability of the vector and host to stablgaiepthe
foreign DNA (Hardeman & Sjoling, 2007; Riesenfeldal.,2004) or the potential toxicity of
a cloned insert encoding molecules harmful to the host, if expressed, may baf soene
factors contributing to the differences in composition of the DNA cloned into thedosmi
library compared to the directly extracted DNA. Undoubtedly, we were phnianited by
low coverage with all sampling methods used and have only screened a small frattteon of
diversity of the soil community.

Regardless of these technical limitations we demonstrated for thinfiesan
impressive agreement between three very different screening technicpfashath pointed
towards specifiStreptomycespecies that could play a role in suppression of fungi by
chitinase production in soil. At the same time, due to different biases in the method®used w
found different clusters of chitinase genes that were represented dependhe approach

used. Therefore we can conclude that the combination of targeted molecular approaches

17



increases the information obtained and the reliability of the @hatse results should lay the
groundwork for making informed decisions about the appropriate source material to use in

other studies that aim to screen for specific functional genes in environmemnptsa
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Figurelegends

Figure 1. Neighbour-joining tree based on ClustalW sequence alignment of the partial
chitinase genes from clone library analyses of the solil, the pooled metagebaoanycdnd
from bacterial isolates. Clones from the pooled soil metagenomic library (bldi€ejanes

from directly extracted soil DNA (red).

Figure2. A. 16S rRNA gene analysed by T-RFLRgp). TRFs from 16S rRNA genes
amplified from DNA directly extracted from soil (red) compared to DX#f the pooled
metagenomic library (blue). B. The TRF values correspondiig ¢oli (host) were excluded
and the relative abundance was recalculated. The graphs representdpe eslative

abundance from three replicates for each TRF.

Figure 3. 16S rRNA gene analysed by T-RFLqp). Comparison showing only those
TRFs that were identified in both DNA sources; DNA from directly ex¢iéesbil (red) and
extracted from the pooled metagenomic library (blue) witkowbli (host) TRFs. The graph

represents the average relative abundance from three replicateshfdiRéac

Figure 4. Chitinase genes detected by T-RFEHR4l). DNA from direct extracted soil (red)

and the pooled metagenomic library (blue). The graph represents the avetage rela

abundance from three replicates for each TRF.
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Table 1. 16S rRNA and chitinase gene T-RFLP analyses of bacterial isolates, DNAhEom
metagenomic library and from directly extracted soil. Number of TRFstddtasing
different restriction enzymes. Number of isolates with their 16S rRNA tinake gene TRF

size represented in the T-RFLP analysis of metagenomic library andyd@etcacted soil.

16S rRNA gene Chitinase gene

Msp Hha  Hadll Msp  Hhal Hadll

Soil metagenomic library 98 24 34 53 45 42

(DNA of pooled clones)

Number of isolates 18/18 18/18 18/18 6/ 13/13 12/17
represented in the

metagenomic library

Soil DNA (directly 93 62 82 54 77 58
extracted)
Number of isolates 15/18 15/18 15/18 6/ 11/13 12/12

represented in the soill

DNA (directly extracted)

Common TRFs between 32 11 20 18 31 20

metagenomic and direct 3304 23% 34% 34% 51% 40%

extracted DNA

®The total number of isolates was 6 due to two teslavithout detected chitinase genes and ten eobHtthe

remaining were without TRF fragments in the detaletaange of 60-240nt

PThe total number of isolates was 13 due to tweaiss! without detected chitinase genes and thréasoof

the remaining were without TRF fragments in theedigtble range of 60-240nt
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“The total number of isolates was 12 due to twaaies! without detectable chitinase genes and folates of

the remaining were without TRF fragments in theedttble range of 60-240nt
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Table 2. 16S rRNA and chitinase genes from bacterial isolates with their respective

similarities (nucleotide) to sequences in GenBank and TRF sizes of theiashigenes

Isolate| Closest identity 16S (% identity, | Closest identity chitinase | (% identity, | T-RF (Hhal)
rRNA gene over nt) gene over nt) chitinase gene

I Bacillus pumilus 100%, 1434 | Uncultured bacterium geng85%, 166 No fragment
(DQ523500) for chitinase (AB361986)

Il Brevibacterium 99%, 1405 Uncultured organism clon¢ 88%, 238 75
antarcticum ChiCSR29 (AY699345)
(AJ577724)

1] Pseudomonas sp 100%, 1414 | No chitinase gene detected
(AY599710) with PCR

v Pseudomonas sp. 99%, 1404 Uncultured organism clon¢ 88%, 237 75
(DQ279324) ChiCSR29 (AY699345)

Vv Stenotrophomonas sp. | 99%, 1422 | Myxococcus xanthudSC7- | 86%, 239 181
(AY131216) 1p (AY033407)

Vi Stenotrophomonas 99%, 1431 | Myxococcus xanthudSC7- | 97%, 220 181
maltophilia(AJ293470) 1p (AY033407)

VI Stenotrophomonas 99%, 1439 | Myxococcus xanthudSC7- | 97%, 219 181
maltophilia(AJ293470) 1p (AY033407)

VIl Streptomyces 100%, 1353 | Uncultured bacterium clone87%, 196 103
viridochromogenes controll (AF455091)
(AB184088)

IX Streptomyces clavifer/ S.100%, 1353 | Uncultured bacterium clone88%, 200 103
mutomycin{DQ026670, controll (AF455091)
AB249951, AJ781357)

X Streptomyces clavifer/ S.100%, 1354 | Uncultured bacterium clone87%, 208 103
mutomycin{DQ026670, controll (AF455091)
AB249951, AJ781357)

Xl Streptomyces clavifer/ §.100%, 1378 | Uncultured bacterium clone  87%, 162 85

28



mutomycin{DQ026670,

AB249951, AJ781357)

controll (AF455091)

Xl Streptomyces clavifer/ S.100%, 1354 | Uncultured bacterium geng85%, 198 No fragment
mutomycin{DQ026670, for chitinase (AB361986)
AB249951, AJ781357)

Xl Streptomyces clavifer/ S.100%, 1345 | Uncultured bacterium clone87%, 172 103
mutomycin{DQ026670, controll (AF455091)
AB249951, AJ781357)

X1V Streptomyces clavifer/ S.100%, 1353 | Streptomyces sp. An26 | 89%, 196 No fragment
mutomycin{DQ026670, (AJ968655)
AB249951, AJ781357)

XV Streptomyces clavifer/ S.100%, 1353 | Uncultured bacterium clone85%, 236 103
mutomycin{DQ026670, controll (AF455091)
AB249951, AJ781357)

XVI Streptomyces clavifer/ S.100%, 1353 | Uncultured bacterium clone86%, 199 103
mutomycin{DQ026670, controll (AF455091)
AB249951, AJ781357)

XVII Streptomyces clavifer/ S.100%, 1377 | Uncultured bacterium clone85%, 175 103
mutomycin{DQ026670, controll (AF455091)
AB249951, AJ781357)

XVIII | Streptomyces 100%, 1352 | Uncultured bacterium clone86%, 175 103

viridochromogenes

(AB184088)

controll (AF455091)
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Figure 2A

50%
o 40%
(&)
c
@
©
c 30%
>
O
©
L 20% -
I
&)
X 10%
0% Ill||IIII|IIIII|IIIIIIIIIIIIII.IIII-|I
N 00O © O I ™M O O© I « S IO &N MO N~ O N N 0
O M~ O N MM <& < I O~ O N 00 &O I & - O O
— — — — — — — N AN N N ™M < < < <
TRF size (bp)
Figure 2B
10%
8%
o
(&)
c
©
2 6%
>
0
3]
()
= 4%
e}
°
QO
24
2% ‘
0% 1 HIHIH|\IH\|\ ‘Ilu HIJT
< 0O I~ M M M S M M N IO O O M M N M I~
O© N~ 00O N MM I 1 O© N~ O «A IO N~ O ¥ N 1 o
— i i i i i N N AN AN AN (92 < < <

TRF size (bp)

31



Figure 3
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Figure 4.
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