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Activity and diversity of methanotrophs in the soil–water
interface and rhizospheric soil from a flooded temperate
rice field
L. Ferrando and S. Tarlera

Cátedra de Microbiologı́a, Facultad de Quı́mica, Universidad de la República-Uruguay, Montevideo, Uruguay

Introduction

Greenhouse gas methane (CH4) emission from wetland

rice can account for as much as 25% of the global CH4

budget (Neue 1997). The increase in the flooded rice cul-

tivated area is considered to be one of the factors respon-

sible for the continuous increase in the atmospheric CH4

concentration. Several factors have been reported to influ-

ence methane emission among them the input of fertilizer

N, rice cultivars and flooding regime. A better under-

standing of the underlying processes is required to design

strategies to mitigate and control CH4 emission from wet-

land rice fields due to biological oxidation.

Methanotrophs or methane-oxidizing bacteria (MOB)

are a unique group of bacteria that oxidize CH4 with

molecular O2 and use it as a carbon and energy source

(Bowman 2000). MOB have the potential to substan-

tially decrease the emission rates of CH4 from wetland

rice agriculture into the atmosphere by oxidizing part of

the CH4 that is produced in these soils (Reeburgh

2003). CH4 oxidation in MOB is catalysed by either a

soluble or a membrane-bound, particulate methane

monooxygenase (sMMO and pMMO, respectively).

MOB mostly belong to the c-Proteobacteria (Type I met-

hanotrophs) and a-Proteobacteria (Type II methano-

trophs) (Hanson and Hanson 1996). Recently, an

extremely acidiphilic methanotrophic bacteria have been

reported to belong to the phylum Verrucomicrobia, out-

side the established methanotrophs subphyla (Dunfield

et al. 2007). All MOB described to date except
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Silvana Tarlera, Cátedra de Microbiologı́a,

Facultad de Quı́mica, CC 1157, Montevideo,

Uruguay. E-mail: starlera@fq.edu.uy

2007 ⁄ 2077: received 27 December 2007,

revised 16 May 2008 and accepted 12 June

2008

doi:10.1111/j.1365-2672.2008.04004.x

Abstract

Aims: To combine molecular and cultivation techniques to characterize the

methanotrophic community in the soil–water interface (SWI) and rhizospheric

soil from flooded rice fields in Uruguay, a temperate region in South America.

Methods and Results: A novel type I, related to the genus Methylococcus, and

three type II methanotrophs were isolated from the highest positive dilution

steps from the most probable number (MPN) counts. Potential methane oxida-

tion activities measured in slurried samples were higher in the rhizospheric soil

compared to the SWI and were stimulated by N-fertilization. PmoA (particulate

methane monooxygenase) clone libraries were constructed for both rice micro-

sites. SWI clones clustered in six groups related to cultivated and uncultivated

members from different ecosystems of the genera Methylobacter, Methylomonas,

Methylococcus and a novel type I sublineage while cultivation and T-RFLP

(terminal restriction fragment length polymorphism) analysis confirmed the

presence of type II methanotrophs.

Conclusions: Cultivation techniques, cloning analysis and T-RFLP fingerprint-

ing of the pmoA gene revealed a diverse methanotrophic community in the rice

rhizospheric soil and SWI.

Significance and Impact of the Study: This study reports, for the first time, the

analysis of the methanotrophic diversity in rice SWI and this diversity may be

exploited in reducing methane emissions.
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Methylocella spp. have a particulate methane monooxy-

genase (pMMO) as the key enzyme for CH4 oxidation.

These genes are sufficiently conserved between represen-

tative strains to be of use in constructing phylogenies

that compare well with 16S rRNA phylogenies (Kolb

et al. 2003). As a result, the pmoA has been used as a

molecular marker of MOB diversity in numerous envi-

ronmental studies (Murrell et al. 1998; Henckel et al.

1999; Rahalkar and Schink 2007).

Methane oxidation occurs at anaerobic–aerobic

interfaces with available oxygen and methane: the soil–

water interface (SWI) and the rice rhizospheric soil. The

extent to which CH4 oxidation takes place close to the

rice roots compared with at the SWI remains controver-

sial (Macalady et al. 2002). Although the activity and

diversity of the methane-oxidizing community in the

rice rhizospheric soil have been the subject of a series of

studies in Italian (Vercelli) rice fields (Henckel et al.

2000; Eller and Frenzel 2001; Eller et al. 2005), there is

a lack of information about the diversity associated with

the SWI. Yet, expanding our knowledge of the MOB

inhabiting this microsite is important because around

80% of the potentially emitted methane may become

oxidized at the oxic surface of flooded rice soils (Conrad

and Rothfuss 1991).

In an attempt to address this problem, we used both

molecular and cultivation techniques in a combined

approach to characterize and investigate the function of

the MOB community inhabiting rhizospheric soil and

SWI from a Uruguayan rice field. From a wider perspec-

tive, the renewed acknowledgment of the importance of

cultivation methods in environmental studies (Leadbetter

2003; Oremland et al. 2005) is challenging the generally

accepted paradigm (Amann et al. 1995; Fry 2000; Rappe

and Giovannoni 2003) that only a small fraction of

microbial species are culturable and that molecular

approaches always cover a broader spectrum of microbial

diversity than cultivation methods. For instance, Dona-

chie et al. (2007) recently compared data from several dif-

ferent habitats where both 16S rDNA sequencing and

cultivation techniques had been used and revealed that

cultivation methods can detect many organisms unde-

tected by molecular techniques. Therefore, a polyphasic

approach is required to reveal the microbial diversity in

any given habitat.

In addition, we assessed the effect of ammonium-based

fertilization on the activity of MOB. The irrigated rice

field chosen for the present study is rotated with pastures

for livestock production in a low-intensity system way of

using natural resources. This management is typical of

the Uruguayan temperate rice production system which

decisively contributes to the sustainability of the agroeco-

system.

Materials and methods

Field site and sampling

The experimental site was located at the National Rice

Research Institute (Instituto Nacional de Investigación

Agropecuaria, Unidad Paso de la Laguna) in Treinta y

Tres, southeast Uruguay (32�55¢S and 54�50¢W). Soil

characteristics were: silty loam in texture, pH 5Æ2,

N-NH4
+ 0Æ3 mmol l)1, 3Æ0–3Æ5% organic C and 5Æ0–5Æ5%

organic matter. On 15 November 2003, the rice (Oryza

sativa, type Japonica, variety INIA Tacuarı́) was broadcast

seeded into dry soil and flooded 30 days later. This vari-

ety has been obtained from local crossing and selection

and has a good cold tolerance during the reproductive

phase of the crop. Sampling was conducted after the last

fertilization event when the rice was 70 days old. This

sampling time was chosen accounting for previous reports

that have shown that significant methane oxidation takes

place after fertilization events when ammonium availabi-

lity is greatest (Bodelier et al. 2000a,b). The experiment

was laid down in a completely randomized block design

having six plots (three fertilized and three unfertilized)

each 3 m2. Three nitrogen fertilizations, (NH4)2SO4, were

applied at the rate of 10 kgN ha)1 in three different occa-

sions: at the time of seeding, at tillering and at panicle

initiation. Samples (0–2 cm depth) of SWI were collected

from five points distributed randomly in each plot

between the rows of rice plants and then mixed separately

for each plot. After careful visual inspection, any plant

roots were removed by hand before incubations. For

rhizospheric soil, 10 rice plants were dug out by hand

from each plot, and were shaken to remove loose soil.

The root-containing soil (rhizospheric soil) was firmly

attached to the roots and therefore was removed by

gently shaking the pooled plants for each plot in 100 ml

of sterile distilled water. The resulting soil suspensions are

referred to below as the rhizospheric soil. Dry weight was

determined for SWI and rhizospheric soil suspensions by

drying 10Æ0 g of each sample at 100�C until constant

weight.

Potential CH4 oxidation in soil slurries

Potential CH4 oxidation rates of rhizospheric soil and

SWI were determined for nine replicate field samples of

three fertilized and three unfertilized plots each. All sam-

ples were measured in three parallel incubations. Soil

slurries were prepared by mixing SWI or rhizospheric soil

suspension with autoclaved distilled water to a final con-

centration of approx. 0Æ2 g of dry soil per milliliter. Each

rhizophere and SWI sample was incubated in three repli-

cates of 25-ml soil slurries in 120-ml sterile glass serum
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bottles closed with butyl stoppers under an air atmo-

sphere containing about 7% CH4 (v ⁄ v). Slurries from

unfertilized plots were supplemented with (NH4)2SO4

(final concentration 5 mmol l)1 N) when indicated. The

bottles were incubated in darkness at 28�C with agitation

at 120 rev min)1. Methane depletion was monitored by

sampling the headspace and subsequent GC analysis on a

SRI 8610, equipped with a thermal conductivity detector

(column temperature 35�C, detector temperature 100�C

and a Molecular Sieve 13· column (SRI, Torrance, CA,

USA). Potential CH4 oxidation rates were computed by

linear regression through the linear portion of the plot of

CH4 concentration (five time points at 2-h intervals dur-

ing 10 h) vs time. Soil slurries experiments containing

half of the amount of soil (2Æ5 g dry weight) showed a

50% decrease in the CH4 oxidation rate, indicating non-

limitation by gas phase transfer and nongrowing cell con-

ditions (data not shown). Comparison of rates of

treatments and samples means (analysis of variance,

anova) was performed using Tukey’s test in case of equal

variances and using Kruskall–Wallis test with inhomoge-

neous variances. All statistical tests were performed using

Sigma Stat software ver. 3.1 (Systat Software Inc., Point

Richard, CA, USA).

Enumeration and isolation of MOB

The numbers of MOB in the fertilized plots of the rhi-

zospheric soil and SWI were determined by the most

probable number (MPN) method (De Man 1975). The

soil slurries were further diluted in two-fold steps in

triplicates down to 10)9 (g dry weight of soil))1 in

10-ml tubes with 4 ml of sterile nitrate mineral salts

(NMS) medium (Whittenbury et al. 1970). Tubes were

closed with butyl stoppers and methane was added to

reach a 30% (v ⁄ v) concentration in air in the headspace.

Tubes were incubated at 30�C with agitation for

4 months. Growth was monitored by measuring optical

density, determined routinely photospectrometrically at

660 nm, and by checking the accompanying decrease in

the methane concentration. Inoculated tubes without

methane served as controls. MPN values with a non-

overlapping 95% confidence interval were considered

significantly different, with P < 0Æ05.

MOB were isolated from the highest positive dilutions

of the MPN series. Pure cultures were obtained by

repeated dilution in liquid NMS medium until extinction.

Plates were prepared with the same medium solidified

with purified agar. Purity was assured by phase-contrast

microscopy and checking for nonmethanotrophic

contaminants after streaking on nutrient agar plates

incubated under an air atmosphere and re-inocultaing

any colonies into NMS tubes with methane.

DNA extraction and PCR amplification

DNA from the rhizospheric soil and SWI from two repli-

cate fertilized experimental plots were extracted using

PowerMax Soil DNA Isolation Kit (MoBio Laboratories,

Solana Beach, CA, USA) following the manufacturer’s

instructions. Cultures were centrifuged (10 min at

15 000 g, 4�C) and the pellets were extracted using the

Wizard Genomic DNA Purification Kit (Promega, Madi-

son, WI, USA).

Extracted DNA from soil samples, MPN tubes and iso-

lates were used for the amplification of the partial pmoA

(approx. 500 bp) using the pmoA primer pair A189f-

mb661r (Costello and Lidstrom 1999). All PCRs were car-

ried out in 30-ll (total volume) mixtures containing

approx. 25 ng of DNA, 0Æ4 mmol l)1 of each primer,

1Æ5 mmol l)1 MgCl2, Taq buffer, 0Æ17 mmol l)1 of each

dNTP and 1Æ2 U of Taq DNA polymerase (Invitrogen,

San Diego, CA, USA). The reactions were performed in a

Perkin-Elmer, GeneAmpPCR System 2400 thermocycler

using the following program: initial denaturation step at

94�C for 30 s, followed by 30 cycles at 92�C for 60 s,

60�C for 60 s and 72�C for 60 s, with a final extension

step at 72�C for 5 min.

Amplification of the 16S rRNA gene was performed for

the isolates obtained. All reactions were carried out in

25-ll (total volume) mixtures using primers 27F and

1492R and containing approx. 25 ng of DNA,

0Æ5 mmol l)1 of each primer, 0Æ2 mmol l)1 of each dNTP,

1Æ5 mmol l)1 MgCl2, 0Æ2 mg ml)1 of bovine serum albu-

min, Taq buffer and 1Æ2 U of Taq DNA polymerase (Invi-

trogen). The program used including an initial

denaturation step at 94�C for 5 min, followed by 30

cycles at 94�C for 60 s, 55�C for 60 s, and 72�C for

3 min, with a final extension step at 72�C for 7 min.

Clone libraries, restriction fragment length polymor-

phism (RFLP), sequencing and phylogenetic analysis

PCR products were cloned using a TOPO TA cloning kit

(Invitrogen Corp.) following the protocol of the manufac-

turer. Clones were subjected to tooth pick PCR, using

primers A189f-mb661r. The amplified products were

digested with MspI–HhaI, grouped into Operational

Taxonomic Units (OTUs) based on their restriction

patterns, and each clone was assigned to an OTU which

represented a unique RFLP pattern. Rarefaction analysis

was done for rhizosphere and SWI libraries using the free

software Analytic Rarefaction 1.3 (http://www.uga.edu/

~strata/software/), developed by Steven Holland. At least

two clones representative from each OTU group were

sequenced with vector specific T3 and T7 primers. All

sequencing reactions were carried out at Macrogen
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Sequencing Service, Korea using an ABI PRISM 3730XL

capillary sequencer (Applied Biosystems, Foster City, CA,

USA). 16S rRNA gene was sequenced for isolates obtained

using the primer 27F described above.

All sequences were manually checked for chimeras. For

pmoA phylogenetic analysis, sequences were translated to

obtain deduced amino acid sequences, alignments and

phylogenetic distance dendrograms were constructed using

the neighbour-joining and maximum parsimony algo-

rithms as implemented in mega software version 3.1

(Kumar et al. 2004). At least one representative clone for

each OTU was used to construct the phylogeny. Clones

are grouped into six groups based on at least 90% nucleo-

tide sequence identity. Evolutionary distances between

pairs of inferred amino acid sequences were calculated

using the model of Dayhoff. Close relatives and phylo-

genetic affiliation were checked using the Blast search

program (Altschul et al. 1997) at the National Center for

Biotechnology Information (NCBI, http://www.ncbi.nlm.

nih.gov). The 16S rRNA gene sequence of strain E10 was

phylogentically analysed using Jukes–Cantor distance in a

neighbour-joining tree as implemented in MEGA.

All sequences of pmoA fragments have been deposited

in GenBank under accession numbers EU358959–

EU358999 (sequences from clones) and EU359000–

EU359003 (sequences from isolates) while16S rDNA

sequences from isolates B8, H8 and E10 have been depo-

sited under accession numbers EU672870, EU672872 and

EU672873, respectively. Unfortunately, strain C9 was lost

upon repeated transfers.

T-RFLP analysis

pmoA fragments were amplified as described above with

the primer A189f (5¢ end labeled with HEX fluorescent

dye, IDT). Amplicons always resulted in the predicted

size. After purification with a QIAquick gel extraction kit

(Qiagen, MD, USA), approx. 100 ng of the amplicons

were digested with 20 U of the restriction endonuclease

MspI (Invitrogen). The digestions were carried out over-

night at 37�C according to the instructions of the manu-

facturer. Enzyme inactivation was done by incubation at

65�C for 20 min followed by desalting the samples with

Microcon-50 columns (Amicon, Inc., Beverly, MA, USA).

The subsequent T-RFLP analysis was performed at the

Genomics Technology Support Facility (http://genomics.

msu.edu/; Michigan State University, East Lansing, MI,

USA). Briefly, the T-RFs were separated by capillary elec-

trophoresis on an ABI Prism 3700 DNA analyzer. The

DNA bands were automatically identified and sized using

GeneScan software (Applied Biosystems, Foster City, CA,

USA) and compared to internal lane standards. T-RFLP

results were standardized between different samples as

recommended by Dunbar et al. (2001) calculating the

relative abundance of individual T-RFs in a given pmoA

PCR product based on the peak height of the individual

T-RFs and multiplying by a correction factor calculated

as the quotient between the sum of all peak heights >100

fluorescence units in the given sample and the sum of all

the peaks in the sample with the smallest total fluores-

cence. After adjustment of a profile, peak heights <100

fluorescence units were discarded again.

Results

Methane oxidation activity and ammonium effect

Potential CH4 oxidation rates were measured in soil slur-

ries from planted rhizospheric and top layer soil (Fig. 1).

CH4 oxidation started after a lag time that varied between

24 and 48 h. A linear increase of CH4 oxidation rates was

observed up to 5 g dry weight of soil, indicating that

assay conditions were of nongas phase transfer limitation

and of nongrowing cells (data not shown). The potential

CH4 activities, calculated from the first 8–10 h after the

beginning of CH4 oxidation, showed significant higher

rates for the rhizospheric soil slurries compared to the

SWI slurries, whether fertilized or unfertilized (Tukey’s

test, P = 0Æ004 and P < 0Æ001, respectively). The highest

CH4 oxidation rates were always found in the ammonium
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Figure 1 Potential CH4-oxidizing (MO) activities in slurries from the

soil–water interface (I, white bars) and from rhizospheric soil (R, black

bars) which were either fertilized (IF and RF) or unfertilized (INF and

RNF). The effect of ammonium supplement (final concentration

5 mmol l)1 N-NH4
+) on unfertilized slurries (INF + NH4

+; RNF + H4
+)

Error bars denote standard error for samples from three replicate fer-

tilized and unfertilized plots, respectively. Different letters indicate sig-

nificant differences (P < 0Æ05) between treatments.
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fertilized treatments, irrespective of the microsite. Thus,

fertilization produced a nearly three-fold increase in the

potential CH4 oxidation rates of SWI slurries (Kruskall–

Wallis test, P < 0Æ001) while a smaller increase was

detected for activities associated to the rhizospheric soil

(Tukey’s test, P < 0Æ001). However, ammonium addition

to unfertilized soils revealed a clear stimulation of meth-

ane oxidation activity for the SWI (Tukey’s test,

P < 0Æ001), in contrast to a statistically insignificant

increase for the rhizospheric soil (Tukey’s test,

P = 0Æ135).

MPN counts and isolations

Results from MOB counts performed on two replicate

fertilized rice plots from each microsite were as follows

MPN MOB per g)1 dry soil (in brackets 95% confidence

interval): SWI, 1Æ7 · 105 (4Æ3 · 104–7Æ0 · 105); 7Æ0 · 105

(1Æ6 · 105–3Æ1 · 106) and rhizospheric soil, 1Æ7–104

(6Æ4 · 103–4Æ3 · 104); 3Æ3 · 104 (1Æ2–9Æ1 · 104). Although

the SWI population size of MOB was slightly higher in

both samples, these differences cannot be considered sig-

nificantly different.

Four strains of MOB from the rhizospheric soil and

the SWI (B8 and C9; H8 and E10, respectively) were iso-

lated from the highest positive dilutions of the MPN

counts and comparative sequence analysis of their partial

pmoA sequences of 500 bp performed. Three isolates clus-

tered within the phylogenetic radiation of the type II

MOB belonging to the a-Proteobacteria (Fig. 2). Two of

these isolates were affiliated with pmoA sequences of the

Methylocystis cluster (96–99% sequence identity). Specifi-

cally, isolate B8 was closely affiliated with Methylocystis

sp. strain M (98–99% sequence identity) while isolate H8

was most closely related to Methylocystis sp. IMET 10484

(96% sequence identity) and to clones R13 and RB39.

Another isolate, C9, grouped with members of the Methy-

losinus genus and was most closely related to Methylosinus

trichosporium strain M23 (98% sequence identity). Finally,

isolate E10 represented type I MOB. Isolation of E10 ini-

tially proved to be difficult. Despite repeated streaking on

solid medium, microscopic examination of isolated

colonies always revealed the presence of cells with

morphological features typical of Hyphomicrobium spp.

Hyphomicrobia are known to copurify with methano-

trophs since they utilize intermediate metabolic products

(e.g. methanol) produced by the latter. Therefore,

repeated liquid subculturing as soon as methane con-

sumption began was successfully assayed to favour the

outcompetition of E10 with respect to these contami-

nants. Small (1–2 mm in diameter), white, semi-transpa-

rent colonies were observed on solid mineral medium

within 1 week at 28�C.

Database searches revealed that the closest related char-

acterized bacterium to this strain was Methylococcus

capsulatus but only at approx. 84% pmoA identity. The

phylogenetic analysis indicated that isolate E10 clustered

with clones I12 and I18 in a separate group supported by

a high bootstrap value, close to the Methylococcus pmoA

sequences (Fig. 2). Since this isolate appeared to be novel,

a nearly full-length (1451 bp) 16S rDNA sequence was

obtained. The closest cultured relatives of this strain were

Methylococcus capsulatus and Methylocaldum szegediense,

with 92% and 91% similarity, respectively (Fig. 3).

Clone libraries and phylogenetic analysis

Differential yields of pmoA PCR products were obtained

when we used template DNA extracted from soils not

supplemented with CH4 or lag-phase soils, as has been

reported for other wetland soils (Henckel et al. 1999;

Hoffmann et al. 2002). Therefore, to compare the com-

munity structure of MOB in both rice field soil micro-

sites, soil samples for DNA extraction were taken just

before the onset of CH4 oxidation. The pmoA-specific

primers (primers A189f and mb661r) were used to con-

struct in total four separate pmoA clone libraries of rhizo-

spheric soil and SWI from two replicate fertilized

experimental plots. These primers are known to cover a

large diversity of MOB and exclude the homologous

amoA gene of nitrifiers (Costello and Lidstrom 1999).

A total of 174 randomly selected clones, 88 and 86 for

the rhizospheric soil and SWI library, respectively, were

exposed to RFLP analysis which identified 15 OTUs.

Rarefaction calculations showed that species accumulation

curves reached the plateau in SWI and rhizospheric soil

libraries, respectively (data not shown), indicating that

the analysis performed gave a good coverage of the num-

ber of OTUs and thereby of MOB diversity.

Representative clones from each OTU and from each

soil were sequenced and phylogenetically analysed

(Fig. 2). The pmoA sequences were clustered in six groups

Figure 2 Neighbour-joining phylogentic tree of the inferred amino acid sequences (153 amino acids) of pmoA from methanotrophs and repre-

sentative rice soil clones retrieved in this study (bold). Clones are designated by R and I to denote the rice rhizospheric soil and soil–water inter-

face, respectively, followed by the clone number. When more than one clone was observed, the number was included within parenthesis

following the clone designations. The reference sequences are shown by species or clone name followed by the GenBank accession number.

Numbers next to the clone groups represent the length of the respective T-RFs. Clones marked with an asterisk did not contain a restriction site.

Bootstrap values ‡50% (100 data re-samplings) are given. The bar represents 10% divergence.
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 clone I6 * (15)

 soda lake clone MLM4, AY571999
 soda lake clone 1HA9, AY550697
 clone I8
 freshwater lake clone pLWPmoA4, DQ067074

Group 1 (T-RF 505bp)

 Methylobacter psychrophilus, AY945762
 Methylobacter sp. BB5.1, AF016982

 Methylobacter sp. LW12, AY007285
 M.tundripaludum SV96, AJ414658

 soil clone D2, AF368367
 clone R27
 clone I5

Group 2 (T-RF 505 bp)

 Methylomicrobium buryatense, AF307139
 Methylosoma difficile, DQ119047
 clone I37
 clone IB76

 clone R21 (3)
 Methylomonas sp. LW21, AF150801
 Methylomonas sp. LW15, AF150795
 Methylomonas methanica, U31653

 cloneIB13 * (23)

Group 3 (T-RF 437bp, 505 pb)

 Methylosarcina lacus, AY007286
 rice field soil clone Luisiana, AJ430795

 freshwater lake clone pLWPmoA-20, DQ067078
 rice floodwater clone MCR-A, AB222680

 clone I22 (9) Group 4 (T-RF 350 bp)

 Methylohalobius crimeensis, AJ581836
 Methylothermus thermalis, AY829010

 Methylococcus capsulatus, NC 002977
 littoral lake clone A81, AY488065

 Methylocaldum gracile, U89301
 Methylocaldum szegediense, U89303

 rice field soil clone Maligaya 1, AJ430802
 clone I18

 clone I12
 rice floodwater clone FW-M, AB222692

 isolate E10
 rice field soil clone JH-TY19, EU193284

Group 5 (T-RF 79 bp)

Type I MOB

 isolate C9
 Methylosinus trichosporium M23, AJ459037

 Methylosinus trichosporium, U31650
 Methylosinus sporium, DQ119048

 Methylocystis echinoides, AJ459039
 Methylocystis parvus, AF533665
 Methylosinus sp. LW2, AF150787
 clone RB39
 clone R13

 isolate H8
 Methylocystis sp. IMET 10484, AJ458998
 rice root clone M84P1, AJ299959

 isolate B8
 Methylocystis sp. M, U81596

Group 6 (T-RF 244 bp)

 Methylocapsa acidiphila, CT005238
 Methylosinus trichosporium pmoA2, AJ431389

 Methylocystis sp. SC2 pmoA2, AJ431387

Type II MOB

 Nitrosomonas cryotolerans, AF314753
100
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using a threshold of 90% sequence identity (Pester et al.

2004). Clones related to Methylobacter pmoA sequences

were the most dominant sequences retrieved from the

rhizospheric soil library (86Æ4%), while a minor relative

abundance (17Æ4%) of these sequences was found in the

SWI library (Table 1). These Methylobacter-related OTUs

sub-grouped into two clades (groups 1 and 2). One clade

(group 1) clustered with Methylobacter psychrophilus

and was closely related to pmoA clones from soda lake

sediments (Lin et al. 2004, 2005) and freshwater lake

sediments (Nercessian et al. 2005). The other clade, group

2, had pmoA sequences that closely grouped with a clone

from a Danish soil (Bourne et al. 2001) with Methylobacter

tundripaladum SV96 as its closest cultured relative. Clone

group 3 (44Æ2% of all SWI clones and 4Æ5% of all rhizo-

spheric soil clones) clustered within the Methylomonas

species. Clones from group 4 (32Æ5% and 6Æ8% of all SWI

and rhizospheric soil clones, respectively) were not closely

related to any cultured methanotroph but related to

clones from microcrustaceans in rice floodwater (Niswati

et al. 2004). Clone group 5 (4Æ7% of all SWI clones) was

only distantly related to known methanotrophs but

grouped close to the branch where isolate E10 and clones

from microcrustaceans in rice floodwater and Chinese

paddy fields were present (Niswati et al. 2004). Finally,

clones from group 6 (1–2% of all clones in both soils)

were related to Methylosinus sp. strain LW2 and isolate

H8 (Table 1).

 Methylobacter psychrophilus, AF152597

 M. tundripaludum SV96T, AJ414655

 Methylomicrobium buryatense, 5B AF307138

 Methylobacter sp. BB5.1, AF016981

 Methylomonas methanica S1, AF304196

 Methylomonas sp. LW21, AF150800

 Methylosarcina lacus, LW14 AY007296

 Crenothrix polyspora clone, DQ295887

 Methylosoma difficile, DQ119050

 Methylococcus capsulatus Bath, NC 002977

 Methylococcus thermophilus, X73819

 isolate E10

 Methylocaldum szegediense OR2, U89300

 Methylocaldum gracile VKM-14L, U89298

 Methylohalobius crimeensis, AJ581837

 Methylothermus thermalis MYHT, AY829009

 Methylosinus trichosporium M23, AJ458492

 Methylocystis parvus, Y18945

100

100

100
55

53

98

100

96

84

100

78

0·01

Figure 3 Neighbour-joining tree of the 16S

rRNA sequence of strain E10 in comparison

with other cultured methanotrophs. GenBank

accession numbers are written by each

name. Bootstrap values ‡50% (500 data

re-samplings) are given.

Table 1 Relative abundance of methanotrophic groups from fertilized rhizospheric soil and soil–water interface based on frequencies of pmoA

cloned genes arranged according to RFLP patterns and sequence similarity

Phylogenetic

Group

Clone

group*

Rhizospheric soil Soil–water interface

Closest relative (% identity)

No. of Relative

clones abundance (%)

No. of Relative

clones abundance (%)

Type I 1 73 83Æ0 13 15Æ1 Clone MLM4, AY571999, (97–98%),

Clone 1HA9, AY550697, (96–98%)

2 3 3Æ4 2 2Æ3 Clone D2, AF368367, (94%)

Methylobacter sp. SV96, AJ414658, (93%)

3 4 4Æ5 38 44Æ2 Methylomonas sp. LW21 and LW15,

AF150801 and AF150795,

(92–93%, 91%)

4 6 6Æ8 28 32Æ5 Clone MCR-A, AB222680, (86–87%)

5 0 0 4 4Æ7 Clone FW-M, AB222692, (88%)

Clone JH-TY19, EU193284, (90%)

Methylococcus capsulatus, L40804, (81%)

Type II 6 2 2Æ3 1 1Æ2 Methylosinus sp. strain LW2, AF150787,

(96–98%)

*Clone groups 1–6 contain all clones obtained in this study arranged into 15 OTUs according to RFLP patterns and are based on at least 90%

sequence identity within one group of representative clones from each OTU.
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T-RFLP fingerprinting

The tetrameric restriction enzyme MspI was selected for

pmoA-based T-RFLP analysis of fertilized rhizospheric soil

and SWI methanotrophic communities. Previous studies

in rice soils and plants have used this enzyme to study

the diversity of methanotrophic bacteria (Horz et al.

2001; Hoffmann et al. 2002). T-RFLP analysis with MspI

of type culture strains of selected genera of methano-

trophs produced T-RFs matching those predicted by in

silico analysis of the GenBank pmoA sequence database

(data not shown). An exception to the former was the

experimentally derived 75 bp T-RF for Methylococcus. cap-

sulatus ATCC 33009 which differed from the predicted

value of 79 bp. In line with this, Osborn et al. (2000)

have acknowledged a variation greater than 2 bp between

experimentally derived and predicted T-RF sizes for the

smaller T-RFs. The pmoA sequences retrieved from the

clone libraries were used to predict in silico the identity

of peaks in the T-RFLP analyses (Fig. 2). Independent

replicate plots produced virtually identical T-RFLP pro-

files. The community T-RF profiles of the rhizospheric

soil and the SWI showed both similarities and differences

in the presence of major T-RFs (Fig. 4). Three major

peaks were 244, 439 and 513 bp in both sites, the 244 bp

peak reflected the presence of clone group 6 and isolates

C9, H8 and B8. As expected, this specific peak was indic-

ative for the presence of type II methanotrophs (Horz

et al. 2001). Another prominent peak was 439 bp, which

corresponded to the majority of sequences from clone

group 3 affiliated with members of the genus Methylo-

monas. The 513 bp peak, which represents the undigested

pmoA sequence types without the MspI recognition

site (Horz et al. 2005), possibly reflected the presence of

certain clones in groups 1 and 3 which did not show in

silico any MspI restriction site. In contrast, the 351-bp

T-RF representing clone group 4 which formed a separate

phylogenetic cluster displayed only a distinct peak in the

SWI sample. Further differentiation between the T-RFLP

patterns of both sites was observed in the detection of

T-RFs of 71-, 75- and 225-bp length in the rhizospheric

soil. The T-RF of 75-bp from the rhizospheric soil could

be correlated to the pmoA sequence restriction site from

isolate E10 although the latter was obtained from the

SWI. This strain produced a 75-bp T-RF which slightly

differed from that predicted based on the sequence

information (79-bp) but matched that experimentally

derived by MspI digestion of the pmoA sequence from

Methylococcus capsulatus ATCC 33009 (data not shown).

The 71- and 225-bp T-RFs could not be affiliated with

the obtained pmoA sequences although fragments of this

size were detected in tubes of the MPN counts (data not

shown). The former T-RF could not be assigned to any

of the pmoA sequence types deposited in public-domain

databases and could thus correspond to novel pmoA

sequence types. The latter 225-bp fragment could be

correlated to pmoA amplicons from rice fields soils in the

Philippines which grouped within the Methylococcus–

Methylocaldum group (Hoffmann et al. 2002).

Discussion

Central to the study of microbial diversity is the issue of

how to obtain the best objective picture of the microbial

community present. Clearly, all methods in microbial

ecology, classical and molecular have their limitations.

Hence, the importance of pairing both approaches to

provide a comprehensive understanding of microbial pro-

cesses as well as revealing the ‘true’ nature of the diversity

present. In this case study, we describe and compare the

methanotrophic microbial community of rice soil–water

interface layer and rhizospheric soil, something which has

not been done until now. Cultivation yielded predomi-

nantly MOB of the Methylocystis–Methylosinus group

(type II MOB) from both microsites. Several attempts

have been assayed to optimize the recovery of the nume-

rically dominant MOB strains in different environments

by modification of the composition of the widely used

Whittenbury’s medium (Wise et al. 1999; van Bodegom

et al. 2001; Bussmann et al. 2001). However, there is still

an enormous gap between the diversity of the cultivated

MOB and the diversity of methanotrophs in ecosystems

such as rice fields. In fact, the preferential cultivation of

the Methylocystis–Methylosinus group (type II MOB) in

rice soils does not mirror the diverse community

structure that through molecular analyses this and other

studies have revealed where both type I and type II MOB

are numerically important (Horz et al. 2001; Hoffmann

et al. 2002; Macalady et al. 2002). Nevertheless, we suc-

ceeded in this study to isolate strain E10 which represents

RF

IF

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

6000
4000
2000

6000

4000
2000

513·10439·34

439·09350·98

350·00244·25

243·28

224·7970·48

74·85

513·10

Figure 4 pmoA-based MspI T-RFLP

representative profiles of soil from fertilized

rice soil–water interface (IF) and fertilized rice

rhizospheric soil (RF). The fragment sizes in

base pairs are labelled, while peak heights are

shown as fluorescent units detected.
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a novel lineage in the phylogenetic tree of type I MOB,

on a branch close to that of thermotolerant and moder-

ately thermophilic methanotrophs belonging to the Meth-

ylococcus–Methylocaldum group (Fig. 3). The pmoA

sequence is also novel, clustering with clone group 5 and

more related (97%) to a pmoA clone isolated from a Chi-

nese rice paddy field.

On the other hand, both cultivation-independent

approaches with pmoA as a molecular marker (cloning and

T-RFLP fingerprinting) detected a broader diversity of type

I methanotroph-like sequences in both microsites. Among

the type I MOB, our T-RFLP community profiles indicated

the presence of several of its members. For instance, the

T-RF peak at 351 represented clone group IV. This clade

branched separately from cultured MOB and as the closest

relative was an environmental pmoA sequence (86% iden-

tity) originated from rice floodwater, these pmoA sequences

might represent a novel methanotrophic species adapted to

the floodwater rice environment.

Certain disparities concerning the detection of pmoA

species by the two approaches were also observed. Notice-

ably, a lower proportion of type II methanotroph pmoA

sequence types was detected in the clone libraries than

expected based on the high relative signal intensity of the

244-bp T-RF. Similar inconsistencies between cultivation-

based approach, pmoA clone libraries and pmoA-based

T-RFLP analysis have been reported earlier (Bussmann

et al. 2003; Horz et al. 2005). At present, no simple expla-

nation for this difference is at hand although PCR or clon-

ing bias of certain pmoA sequence types can be alleged.

According to the results obtained from the MPN

counts, no preference of MOB for rhizospheric soil or

SWI was observed in this ecosystem. Previous studies

have disagreed about the microsites where CH4 oxidation

predominates. While a series of studies dealing with

model systems based on rice field soil from northern Italy

revealed lower numbers of methanotroph populations in

bulk soil than in association with rice roots, a study in

California rice paddies showed that methanotroph growth

occurred primarily close to the SWI (Macalady et al.

2002). Comparisons of our results with MOB counts

from other studies are difficult due to differences in the

environmental and culturing conditions. Unlike the MPN

counts of the fertilized plots, the corresponding methane

oxidation potential in the rhizospheric soil slurries was

higher than in the SWI. Although few studies have

addressed the study of the CH4 oxidation potential in the

oxic surface layer, it has been suggested that it is probably

lower than in the soil surrounding the rice roots (Bosse

and Frenzel 1997), in agreement with our data. Notice-

ably, in the unfertilized plots a nearly four-fold higher

value of the MOR was observed in the rhizospheric soil

than in the SWI. However, ammonium addition to soil

slurries from unfertilized plots, substantially enhanced the

methane consumption rate of the planted SWI. This may

point to the size of the active methanotroph population

at the enzymatic level, to the variability between the types

of methanotrophs present or to a differential availability

of N for methanotrophs in each of the environments

investigated. The role of mineral N with respect to the

MOB community remains controversial. In the past,

several authors have reported that N fertilization limits

methane oxidation (Bosse et al. 1993; Cai and Mosier

2000) while more recent studies acknowledge a stimulat-

ing effect in densely rooted rice soil (Bodelier et al.

2000a,b). In this work, the application of ammonium-

based fertilization stimulated rather than inhibited meth-

ane-oxidizing activity in both the rhizospheric soil and

the oxic surface of the soil.

In our study, the rice SWI supported a relatively com-

plex community including type I methanotrophs affiliated

with the genera Methylobacter, Methylomonas and Methy-

lococcus and a novel type I methanotroph sublineage. In

contrast, previous studies of rice bulk soils have revealed a

much less diverse MOB community where type II MOB

predominate (Eller and Frenzel 2001). Interestingly, to our

knowledge the isolation of a Type I MOB has not been

previously reported in the rice ecosystem. Thus, the culti-

vation strategy employed appears to enlarge the diversity

of culturable methanotrophs. With our present study we

broadened our knowledge about the MOB community

activity and structure in the SWI, a poorly studied ecologi-

cal microniche in rice paddies characterized by spatiotem-

poral variations in substrate concentrations. Further study

is required to elucidate methane oxidation dynamics in

the different microsites of flooded rice fields to develop

better ways of mitigating CH4 emissions.
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